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Abstract 
Parasitism is a significant cause of stranding and mortality in endangered sea turtles. Two 
parasites in particular (or groups thereof) have been noted for their impacts on green sea 
turtle populations. The first are the spirorchiid blood flukes, which inhabit the circulatory 
systems of their host. The second is the eimeriid coccidian Caryospora cheloniae, a 
systemic parasite affecting a number of organs. Diversity among these organisms is poorly 
explored, and is almost certainly greater than currently recognised. The parasites and their 
associated diseases fluctuate both temporally and spatially in terms of prevalence and 
severity, however, the factors driving these fluctuations are poorly understood. A variety of 
questions remain unanswered in terms of the epidemiology and relative pathogenicity of 
the different parasite species. Of particular interest are brain lesions, which have been 
associated with both parasites and in some cases lead to neurological deficiency and 
subsequent mortality.  Difficulties in finding answers to these questions is compounded by 
a lack of reliable, fast and quantitative ante- and post-mortem diagnostic tools for either 
parasite, which restricts their investigation. 
 
In order to catalogue local species and assess diversity, adult spirorchiid flukes were 
collected during post-mortem examination of deceased sea turtles and characterised by 
molecular and morphological means. Eleven distinct species or genotypes were identified, 
comprising a mix of previously described and novel species or variants. Samples were 
also collected from green sea turtles that died during a coccidiosis related mass mortality 
event in south east Queensland and northern New South Wales. While only one species of 
coccidian (C. cheloniae) had been previously described, molecular characterisation of the 
organism implicated in the outbreak revealed two distinct coccidian genotypes, which has 
significant implications for diagnosis and management. 
 
Spirorchiid ova have been associated with granulomatous lesions in a wide range of host 
tissues.  However, it has not been possible to identify spirorchiids beyond the genus level 
based on morphology, which has frustrated any attempts to identify the species or variants 
responsible for severe lesions.  In this thesis, a molecular approach was used and a 
terminal restriction fragment length polymorphism (T-RFLP) assay was developed to 
detect and identify individual species within the often mixed assemblages of ova in turtle 
tissues. This assay proved to be a more specific and sensitive alternative to traditional 
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microscopic detection methods. Through correlation with histopathology and gross 
pathology, the tissue tropisms, relative occurrence and pathogenicity of each species were 
investigated. The most common species (Neospirorchis Genotype 2) was found in 96% of 
samples, encompassing tissues from all organs sampled. On average, a greater number 
of spirorchiid species were detected in tissues where lesions were present, and numbers 
increased along with the severity of lesions. The age, sex or body condition of the host did 
not show an effect, however, age was found to be a significant factor in the diversity of 
spirorchiid infections in some other organs. 
 
Distinct tissue tropisms were evident for the two coccidian genotypes. The first and most 
common genotype was found in gastrointestinal, brain and lung tissues, with associated 
encephalitis and enteritis. The second was detected in kidney and thyroid tissue, again 
with an accompanying inflammatory response. The two species are therefore likely to have 
different impacts on their host, and this must be considered in epidemiological 
investigations and development of diagnostic tools.  
 
In order to explore options for future ante- and post-mortem diagnostics, TaqMan qPCR 
assays were developed to detect and quantify both Neospirorchis spp. and Caryospora 
spp. infections. These assays were able to be run as a single tube multiplex reaction, and 
reliably detected both parasites in tissue samples. This provided an efficient and cost 
effective means of differentiating between two parasitic infections that may present with 
similar neurological signs. Given that the data collected using the T-RFLP assay indicated 
that spirorchiids (most notably the Neospirorchis) are almost universally present in 
stranded turtles, the relative quantitative data provided by these assays will be central in 
ascertaining the factors that induce severe inflammatory responses to infections.  
 
This study has uncovered diversity among important turtle parasites, investigated the 
epidemiology and pathology associated with infections, and has contributed two important 
diagnostic tests to the investigation and management of these significant causes of 
disease and mortality in green sea turtles.  Moving in to the future, these tests will make 
important contributions to the investigation of disease outbreaks, understanding of disease 
epidemiology and pathology, and the relationship between disease and environmental 
factors – objectives that have been beyond the capability of previously existing methods 
and tools.  
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Chapter 1 Review of the Literature 
1.1 Introduction 
In recent years, marine turtles and their conservation needs have come increasingly into 
the public spotlight. All species of marine turtle have been assessed as either threatened 
or data deficient under the IUCN Red List criteria. Within Australia, the Commonwealth 
Environment Protection and Biodiversity Conservation Act (1999) and Queensland’s 
Nature Conservation Act (1992) list all species as either vulnerable or endangered. A 
range of anthropogenic influences negatively impact turtle populations, and have 
contributed to historic declines in numbers either directly or indirectly. 
 
Marine turtles are proposed indicators of ecosystem health. Most species are 
cosmopolitan in distribution, and are found in tropical and subtropical oceanic waters 
worldwide. Their high affinity for coastal habitats, reliance on both marine and terrestrial 
environments, and long life span make them ideal candidates to act as sentinel species 
(Aguirre and Lutz, 2004). The occurrence and prevalence of diseases in sea turtles in 
many cases is likely to be linked to the health of marine habitats (Aguirre and Lutz, 2004; 
Flint et al., 2015b; Harvell et al., 1999; Jacobson et al., 2006; Ward and Lafferty, 2004). 
Hence, by understanding these disease processes we can potentially gain insights into the 
overall health of the marine environments in which they occur. 
 
Diseases affecting sea turtles are varied and include toxicologic, physiologic, microbial and 
parasitic aetiologies. The prevalence of many appears to fluctuate according to geography 
and season, and in some cases, they occur on an apparently sporadic basis. Of the 
infectious diseases observed, two parasites in particular have been implicated in 
significant turtle mortalities within southern Queensland and further afield. The first of 
these, blood flukes of the family Spirorchiidae, have been estimated to occur in up to 98% 
of stranded green sea turtles (Chelonia mydas) (Gordon et al., 1998) and contributory to 
over 40% of mortalities (Flint et al., 2010). Spirorchiidiasis affects all marine turtle species 
and may manifest in a variety of ways, with flukes infecting the cardiovascular and central 
nervous systems and leading to significant lesions and organ dysfunction. The second 
parasite, Caryospora cheloniae, is a coccidian infecting green sea turtles. It has been 
associated with mass mortality events in eastern Australian waters in 1991 (Gordon et al., 
1993), 2002 and more recently in 2014. Coccidia are traditionally associated with the 
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gastrointestinal tract, however, C. cheloniae is associated with disseminated systemic 
infections and causes significant pathology of the brain, leading to neurological 
disturbance (Gordon et al., 1993).  
 
Understanding of factors behind the occurrence patterns of these two parasites, and their 
relationship with environmental factors, is currently poor. Progress in this field is hindered 
by a lack of specific post- and ante-mortem diagnostic tools; necropsy has and continues 
to be the primary diagnostic method used in sea turtle disease diagnosis. While an 
invaluable source of information, necropsies can only provide limited data in terms of 
epidemiology, true disease prevalence and survivorship. The ability to reliably and 
specifically detect and quantify infections in both dead and live turtles would open the door 
to greater understanding of the epidemiology and treatment of parasitic diseases in turtles.  
1.2 Sea Turtles in Queensland 
1.2.1 Distribution 
Of the seven species of marine turtle, six are known to occur in the waters of southern 
Queensland. The green sea turtle and loggerhead (Caretta caretta) are the most abundant 
and maintain nesting populations in southern/central Queensland (Limpus, 2008a, b). Both 
species have a worldwide tropical and subtropical distribution (Bolten and Witherington, 
2003; Hirth, 1997). The hawksbill (Eretmochelys imbricata), flatback (Natator depressus) 
and olive ridley (Lepidochelys olivacea) also maintain nesting populations within 
Queensland (Limpus, 2008c, d, e), while the leatherback (Dermochelys coriacea) has 
historically only nested in Australia in very low numbers; no nest has been recorded since 
1996 (Limpus, 2008f). However, adult and juvenile leatherbacks are observed foraging in 
open ocean and inshore waters around Australia. A seventh species of marine turtle, the 
Kemp’s ridley (Lepidochelys kempii) is exclusively a resident of the Atlantic Ocean, and 
has not been recorded from Australian waters. All species of marine turtle require land for 
nesting, and generally demonstrate high site fidelity for nest beaches. 
1.2.2 Biology 
Species nesting in central/southern Queensland (green, loggerhead and flatback turtles) 
show seasonal reproductive patterns (Limpus, 2008a, b, e). Those nesting in far north 
Australia, i.e. olive ridley and hawksbill turtles, breed and nest year round (Limpus, 2008c, 
d). The post-hatchling life phase of all species is poorly understood. In most cases, 
hatchlings enter the ocean and are likely carried south and east on ocean currents (Bolten, 
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2002; Walker, 1994), where they assume a pelagic lifestyle. Following the oceanic phase, 
juvenile turtles return to the continental shelf.  
 
Post-hatchling turtles are likely to feed on macro zooplankton during their oceanic pelagic 
stage (Bolten, 2002; Walker, 1994). Upon completion of the oceanic phase, green turtles 
assume an almost exclusively herbivorous diet, reliant on algae and seagrasses, with 
other items such as jellyfish and crustaceans comprising only an occasional part of the diet 
(Brand-Gardner et al., 1999). The hawksbill has an omnivorous diet, while the remaining 
species are carnivorous, feeding on either soft bodied sponges and jellies, or hard shelled 
crustaceans and gastropods. 
1.2.3 Threats to Populations 
1.2.3.1 Anthropomorphic threats 
All marine turtle populations are subject to negative human influences. Traumatic injuries 
(e.g. boat strike, entanglement in fishing equipment or other debris) accounted for around 
7% of mortalities in a survey of turtle deaths in Moreton Bay (Flint et al., 2010). A further 
4% were caused by foreign bodies within the gastrointestinal tract. According to strandings 
data summaries published by the Queensland Department of Environment and Heritage 
Protection, boat collisions were the major direct anthropogenic cause of death in 
Queensland between 2000 and 2011 (Meager and Limpus, 2012),  only exceeded by ill 
health/disease. Other indirect threatening processes include degradation of feeding and 
nesting habitats and water quality decline associated with industry and agriculture. A 
recent assessment of turtle health in the Gladstone (central Queensland) region, in 
response to a spike in strandings, concluded that the general poor population health 
observed was likely attributable to a combination of extreme weather (flooding) and 
previously existing environmental stressors (Flint et al., 2015b).  
1.2.3.2 Disease 
Disease and ill health is an important contributor to turtle mortality in Queensland (Meager 
and Limpus, 2012). A range of diseases occur in sea turtle populations, however, the 
relative prevalence and severity of each varies over time and according to geographic 
location. Fibropapillomatosis is a neoplastic disease of viral origin which has been 
identified as a significant cause of strandings in Hawaiian green turtles (Aguirre and Lutz, 
2004; Aguirre et al., 1998; Chaloupka et al., 2008; Work et al., 2004).  While commonly 
reported from Florida (Jacobson et al., 1989; Stacy et al., 2008), Puerto Rico (Patrício et 
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al., 2011) and Queensland (Flint et al., 2010), external fibropapillomatosis, as found in 
Australia, infrequently results in death, but has been well recognised as an impediment to 
growth and function. Microbial infections (i.e. bacteria, fungi) may contribute to deaths, but 
are often secondary to other disease processes (Flint et al., 2010).  
 
Parasitic diseases, however, have major impacts on sea turtle population health. 
Spirorchiid blood flukes are almost universally present in marine turtle populations (Flint, 
2010; Flint et al., 2010; Glazebrook et al., 1989; Gordon et al., 1998; Stacy, 2008; Stacy et 
al., 2010a). They contribute to a large proportion of green sea turtle deaths in Moreton Bay 
(Flint et al., 2010; Meager and Limpus, 2012), and are also problematic in Florida 
populations (Jacobson et al., 2006; Stacy, 2008). Another parasite, the coccidian 
Caryospora cheloniae, has been associated with epizootic events on Grand Cayman 
island (Leibovitz et al., 1978; Rebell et al., 1974) and more recently in south east 
Queensland (Gordon et al., 1993). Mortalities have also been reported from Florida (B. 
Stacy, pers. comm. 2015). Despite these impacts, surprisingly little is known about the 
diversity, life cycles, and epidemiology of these parasites. The paucity of ante-mortem 
diagnostic options places limitations on the ability to undertake population level 
surveillance for many of these diseases, and creates difficulties in treatment and 
rehabilitation of stranded turtles. 
 
1.3 Spirorchiidiasis 
1.3.1 Spirorchiid Flukes 
1.3.1.1 Taxonomy and Phylogeny 
The Spirorchiidae are a family of digenetic trematode flukes which inhabit the vascular 
systems of freshwater and marine turtles.  The Spirorchiidae were first recognised and 
named as a family by Stunkard (1921) and are a member of the superfamily 
Schistosomatoidea, which also contains the Aporocotylidae (fish blood flukes) and 
Schistosomatidae (bird, mammal and crocodilian blood flukes).   
 
Taxonomy within the Spirorchiidae is subject to ongoing disagreement and confusion, 
leading to regular revisions and redescriptions of species (Platt, 1992). As of the last 
published review by Smith (1997a) 91 species were recognised within 21 genera. Up to 
85% of turtle species are yet to be examined for spirorchiids (Smith, 1997a), and those 
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that have been studied have generally not been studied across their full geographic range; 
therefore, it is likely that a proportion of spirorchiid species remain undiscovered.  
1.3.1.2 Life Cycles 
Digenean life cycles are complex and variable, most commonly involving two or three 
hosts and alternating asexual and sexual phases.  
 
The specifics of spirorchiid life cycles are poorly understood.  The few life cycle studies 
undertaken have concerned freshwater spirorchiids and implicate gastropod intermediate 
hosts (Holliman et al., 1971; Wall, 1941). To date, no definitive resolution of the identity of 
the intermediate host/s has been published for marine species. Stacy et al. (2010b) 
obtained a weak positive PCR response for spirorchiid DNA in a pooled sample of 13 
knobby keyhole limpets (Fissurella nodosa). However, no further positive results could be 
obtained from over 500 further F. nodosa samples. While this provides potential evidence 
of a gastropod intermediate host, the number of gastropod species present in the marine 
environment creates difficulties in elucidating life cycles of marine spirorchiids, each of 
which may utilise a different intermediate host. These difficulties are further compounded 
by trematodes being typically extremely fecund at the asexual reproductive phase and 
therefore likely to require a low infection rate among intermediate host populations 
(Holliman et al., 1971).  
1.3.2 Prevalence   
1.3.2.1 General 
It is commonly reported that the majority of marine turtles carry spirorchiids (Chen et al., 
2012; Flint, 2010; Flint et al., 2010; Glazebrook et al., 1989; Gordon et al., 1998; Stacy, 
2008; Stacy et al., 2010a), having been identified in up to 98% of marine turtles surveyed 
(Gordon et al., 1998).  
 
To date, the majority of studies on spirorchiidiasis have focused on turtles that are 
stranded or in poor health, potentially resulting in an over-estimation of infection 
prevalence and intensity in the wild turtle population. Comparisons between studies are 
confounded by differences in necropsy method and effort. Further difficulties are presented 
by the range of sites within the host that can be inhabited by spirorchiids, as well as the 
small size of the parasites and their ova (Stacy et al., 2010a). 
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The prevalence of spirorchiids within turtle populations appears to vary according to a 
range of factors, although these have proven difficult to identify. Stacy et al. (2010a) 
observed that in Florida, USA, larger turtles (>80 cm SCL) had greater spirorchiid 
prevalence, infection intensity and associated pathology than smaller turtles. Infection with 
Hapalotrema and Learedius was not observed in juvenile green turtles, and was less 
frequent in immature loggerheads than in adults (Stacy et al., 2010a). The size of the 
Neospirorchis burden appeared to increase with age. Factors explaining these trends 
could include increased exposure time, decrease in general health status through 
prolonged exposure to environmental stressors, or in some host species, habitat changes 
and diet shifts in accordance with life stage. 
 
The trends identified by Stacy et al. (2010a) are in contrast to the findings of Work and 
Balazs (2002) for Hawaiian turtles. This study found that spirorchiid egg density decreased 
with the age of the host. Flint et al. (2010) also found that in southern Queensland, severe 
spirorchiid lesions were only observed in immature turtles. 
 
Spirorchiids may be more prevalent in chronically debilitated turtles than in otherwise 
healthy turtles. Stacy et al. (2010a) used nutritional status as an indicator of overall health, 
and found that heavy or fatal spirorchiid burdens were commonly associated with turtles of 
intermediate or poor nutritional status. However, significant spirorchiid associated 
pathology was observed even in robust turtles, indicating that flukes may potentially act as 
primary pathogens rather than just secondary opportunists (Stacy et al., 2010a). In Hawaii, 
spirorchiid infections appear to increase with emaciation of the host (Work et al., 2005; 
Work et al., 2015). 
 
Prevalence of spirorchiid genera and species varies between host species and location. A 
summary of data from several studies is provided in Table 1.1. All studies used a 
combination of gross examination and histology to identify spirorchiids. It is noted that a 
large proportion of green turtles in Stacy et al. (2010a)’s study were immature individuals 
subject to a sudden mortality event (cold shock) which may account for the reduced 
diversity relative to the chronically ill and predominantly adult loggerheads used in the 
same study.  
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Table 1.1 Prevalence comparison of spirorchiid genera between location and host 
species. 
 
Loggerhead turtles – 
Florida (Stacy et al., 
2010a) 
Green turtles – 
Florida (Stacy 
et al., 2010a) 
Green turtles – 
Costa Rica 
(Santoro et al., 
2007) 
Green turtles 
– Hawaii 
(Work et al., 
2005) 
Green turtles 
– southern 
Queensland 
(Gordon et 
al., 1998) 
Learedius 0% 8% 97.5% 53% - 
Hapalotrema 77.8% 2% 20% 34% 45% 
Carettacola 22.2% 0% - 13% - 
Neospirorchis 96.3% 92% - 0% 74% 
 
 
Few studies have focussed on wild turtles that have not been chronically ill, however, there 
is evidence that spirorchiid prevalence can be high in otherwise healthy turtles. Santoro et 
al. (2006) examined turtles found dead on a Costa Rican beach after suspected jaguar 
attack. Learedius learedi was the most prevalent of all 29 trematode species (spirorchiid 
and non spirorchiid) identified, infecting 97.5% of turtles (Table 1.1). As mentioned earlier, 
Stacy et al. (2010a) examined a number of green turtles in robust condition that had died 
from hypothermia or traumatic injury, finding that spirorchiid infections were common in 
these otherwise healthy turtles.  
1.3.2.2 Central/Southern Queensland and Moreton Bay 
 Only two studies have investigated spirorchiids in the southern Queensland region. 
Gordon et al. (1998) found evidence of spirorchiid infection in 98% of stranded turtles from 
Moreton Bay. Following this, Flint et al. (2010) undertook a survey of diseases in stranded 
green turtles within southern Queensland (encompassing the Sunshine Coast, Moreton 
Bay and Gold Coast). Three quarters of turtles showed evidence of infection through the 
presence of spirorchiid adults and/or ova. In 2011, a spike in turtle strandings was 
observed in the Port of Gladstone in central Queensland. Investigations found that all of 12 
turtles subjected to a complete necropsy showed multi-organ spirorchiid infection, with 
associated pathology being significant enough to contribute to death in 9 of these (Flint et 
al., 2015b). 
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1.3.3 Disease 
1.3.3.1 Clinical signs 
Clinical signs of spirorchiidiasis are often non-specific and not detectable until the disease 
is advanced. Glazebrook et al. (1989) studied green and hawksbill turtles from north 
Queensland and the Torres Strait and reported that only 26% of infected turtles showed 
overt symptoms. These symptoms were non-specific and varied; they included anorexia, 
cachexia/muscle wastage, sunken eyes, plastron concavity and slow movement/lethargy. 
Emaciation/cachexia is commonly reported in turtles with spirorchiid infection (Flint et al., 
2010; Glazebrook and Campbell, 1990; Glazebrook et al., 1981, 1989; Stacy et al., 2010a; 
Work et al., 2015).  
 
Heavy spirorchiid infections, particularly of the brain, spinal cord or peripheral nervous 
system are thought to be associated with neurological symptoms (Flint et al., 2010; 
Jacobson et al., 2006). Common neurological symptoms include paresis or plegia, 
diminished responses to visual or pain stimuli, loss of reflexes and ability to chew/swallow, 
and circling behaviour (Holliman et al., 1971; Jacobson et al., 2006). 
1.3.3.2 Pathology  
Pathology associated with spirorchiid fluke infection is variable and manifests in a broad 
range of organs and tissues. The cardiovascular system provides an effective mode of 
transport around the host’s body, and therefore spirorchiids and their ova have access to 
most organ systems and associated vasculature. Spirorchiids penetrate the blood-brain 
barrier and can thus affect the central nervous system, although the exact mechanism 
through which this occurs has not been determined. 
 
The heart is regarded as the centre of the cardiovascular system, and along with its 
adjoining major vessels, represents a primary site for many spirorchiid infections. The 
chambers of the heart, aortas, and the other major arteries are among the most common 
locations for infections (Chen et al., 2012; Gordon et al., 1998; Santoro et al., 2007; Stacy 
et al., 2010a; Work and Balazs, 2002). Infections in the central nervous system (Flint et al., 
2010; Glazebrook and Campbell, 1990; Glazebrook et al., 1989; Gordon et al., 1998; 
Santoro et al., 2007; Stacy et al., 2010a; Work and Balazs, 2002) are also of interest. 
Stacy et al. (2010a) observed that in cases of infection of the brain and spinal cord with 
Neospirorchis spp., adult flukes were generally not associated with significant 
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inflammation. This appears to correlate with the observations of Gordon et al. (1998). The 
pathological effects of spirorchiid ova in the central nervous system appear more 
significant (Flint et al., 2010; Stacy et al., 2010a) and require further investigation. 
 
Beyond the circulatory and central nervous systems, spirorchiid infections have been 
observed in most other organs and tissues, including the vasculature of the 
gastrointestinal tract, lungs and spleen (Flint et al., 2010; Glazebrook and Campbell, 1990; 
Glazebrook et al., 1981, 1989; Gordon et al., 1998; Santoro et al., 2007; Stacy et al., 
2010a; Work and Balazs, 2002). 
 
Spirorchiid ova are potentially more pathogenic than adult flukes. Ova are commonly 
associated with various inflammatory responses including the formation of granulomas 
(Flint et al., 2010; Glazebrook and Campbell, 1990; Glazebrook et al., 1981, 1989; Gordon 
et al., 1998; Stacy et al., 2010a). Granulomas have been observed in virtually all organs 
within the host (Glazebrook and Campbell, 1990; Glazebrook et al., 1981, 1989; Gordon et 
al., 1998). The severity of pathology is generally proportional to the number of ova present 
(Stacy et al., 2010a).  
1.3.3.3 Mortality 
Table 1.2 provides data on the mortality across marine turtle species attributable to 
spirorchiidiasis. 
 
It is difficult to draw comparisons between the Florida green turtle data and other groups 
due to the acute deaths (hypothermia/trauma) suffered by many in this group. Other 
studies primarily concerned stranded and chronically ill turtles.  
 
Spirorchiidiasis contributed to a lower proportion of deaths in the Gordon et al. (1998) 
study than the more recent Flint et al. (2010) study. However, when reviewed alongside 
the prevalence data summarised in Table 1.1, it appears that while the prevalence of 
spirorchiids was lower in the more recent study, they contributed to a higher proportion of 
deaths. It would appear that while spirorchiid prevalence is traditionally high in the 
southern Queensland region based on these two studies (and may be artificially so due to 
the focus on stranded and chronically ill turtles), progression to significant disease may be 
occurring more frequently in recent times. 
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Table 1.2 Comparison of spirorchiidiasis as cause of mortality across regions and host 
species 
 
Loggerheads – 
Florida (Stacy et 
al., 2010a) 
Green turtles – 
Florida (Stacy et 
al., 2010a) 
Green turtles – 
Moreton Bay 
(Gordon et al., 
1998) 
Green turtles – 
southern 
Queensland (Flint 
et al., 2010) 
Primary 13% 0% 10.4% - 
Contributory 33% 2.7% 30.2% 41.8% 
 
1.3.3.4 Secondary impacts 
1.3.3.4.1 Fibropapillomatosis 
In Hawaii, combined fibropapillomatosis and spirorchiidiasis are the leading cause of turtle 
strandings (Aguirre et al., 1998; Chaloupka et al., 2008). Previous research has 
investigated the potential role of spirorchiids as causative agents of fibropapillomatosis 
(Aguirre et al., 1998; Dailey and Morris, 1995; Herbst et al., 1998; Work and Balazs, 2002). 
High numbers of spirorchiid ova have been observed within fibropapillomas, suggesting a 
relationship between spirorchiidiasis and fibropapillomatosis (Dailey and Morris, 1995). 
However, attempts to trigger tumour growth by injecting spirorchiid ova failed (Dailey and 
Morris, 1995). A subsequent study by Aguirre et al. (1998) examining the pathology of 
stranded sea turtles concluded that spirorchiids were unlikely to have a direct causative 
role in fibropapilloma development. This was further supported by Work and Balazs (2002) 
who found no relationship between spirorchiid egg burden and tumour area.   Aguirre et al. 
(1998) suggest that the diseases may often be concurrent due to immune suppression of 
the host, and that ova may accumulate in pre-existing tumours due to their highly 
vascularised nature. 
 
Herbst et al. (1998) and Graczyk et al. (1995) assessed plasma samples from sea turtles 
using enzyme linked immunosorbent assay (ELISA) and failed to find a consistent 
response to spirorchiid antigens in turtles with fibropapilloma. Subsequent evidence 
suggests an alphaherpesvirus as the primary causative agent (Herbst, 1994; Herbst et al., 
1998; Quackenbush et al., 2001; Quackenbush et al., 1998). It is suggested that although 
spirorchiids are unlikely to be the primary cause or the vector of the virus, they may have a 
role in the clinical progression of fibropapillomatosis (Herbst et al., 1998). 
21 
 
1.3.3.4.2 Bacterial Infection 
Secondary bacterial infections have been observed as a result of spirorchiid infection. 
Septic thrombi of the aorta resulting from vascular damage by spirorchiids was reported by 
Gordon et al. (1998) and were often associated with disseminated bacterial infection. 
Stacy et al. (2010a) and Wolke et al. (1982) noted that the migration of spirorchiid egg 
masses through the gut wall led to secondary bacterial enteritis. Glazebrook et al. (1989) 
reported Pseudomonas fluorescens infection of granulomas in the lung.  
 
Raidal et al. (1998) found microabscesses and aggregations of various gram negative 
bacteria associated with spirorchiid granulomas in a variety of locations, including the 
aorta, spleen, lung, brain, myocardium, and gastrointestinal tract. Several species of 
bacteria were cultured including Salmonella spp., Escherichia coli, Pseudomonas spp., 
Citrobacter freundii, Moxarella spp. and Bacillus spp. 
 
Bacterial infections within the host turtle may result in organ dysfunction and potential 
death. Furthermore, the identification of salmonellae and E. coli raises potential public 
health concerns given that turtles are a traditional food source still utilised by indigenous 
Australians and by other cultures (Raidal et al., 1998). 
1.3.4 Spirorchiid genera – host specificity, tissue tropisms and relative 
impact 
To date, reports on tissue tropisms for various spirorchiid taxa are generally limited to 
genus level observations. Difficulties are encountered in morphological identification of 
small and delicate (e.g. Neospirorchis spp.) or morphologically similar species with subtle 
distinguishing features. Identification beyond genus level based on egg morphology is also 
difficult due to inherent similarities in egg morphology between species (Stacy et al., 
2010a). Mixed infections are common (Stacy et al., 2010a). 
 
Sites of primary oviposition versus secondary egg embolisation can be difficult to 
determine, as the cardiovascular system may transport ova from their original location to 
other sites. The quantity and density of ova as well as the presence of adult worms are 
used as indicators (Stacy et al., 2010a), however, ova are often present in the absence of 
adults (Flint et al., 2010). 
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Stacy et al. (2010a) made observations on the preferences of several spirorchiid genera 
and species, along with their impacts on green and loggerhead turtles from Florida, USA. 
Spirorchiid fauna varied according to host species; for example, Hapalotrema postorchis 
was only noted from green turtles, while H. mistroides was found only in loggerheads. It is 
likely that variations in life history, and microhabitat use between turtle species 
predisposes them to infection by different assemblages of spirorchiids.  
 
Table 1.3 summarises tissues inhabited by prevalent genera of spirorchiid, along with 
observed pathology. 
 
In Florida loggerhead turtles examined by Stacy et al. (2010a), endarteritis was almost 
always associated with Hapalotrema mistroides with or without H. pambanensis (synonym: 
H. mehrai (Cribb and Gordon, 1998)). A third species, initially thought to be Hapalotrema 
sp. but since identified as Amphiorchis sp. (B. Stacy, pers. comm. 2015) was associated 
with severe granuloma and ulceration of the gastrointestinal tract, leading to host death.  
 
Stacy et al. (2010a) noted that Neospirorchis was the most prevalent spirorchiid genus 
among both loggerhead and green turtles from Florida. The small and delicate nature of 
the adult flukes made them extremely difficult to collect intact for species level 
morphological identification in most cases. Genetic analyses suggested that a range of 
unique Neospirorchis genotypes were present, with various site and host affinities evident 
(Stacy, 2008). While Neospirorchis was the most prevalent spirorchiid genus in this Florida 
survey, studies from Hawaiian turtles did not detect this genus at all (Work et al., 2005). It 
is difficult to compare these studies due to differences in sampling method, i.e. splenic egg 
counts (Work et al., 2005) as opposed to inspection of all tissues (Stacy et al., 2010a). In 
Moreton Bay, Gordon et al. (1998) observed numerous spirorchiid ova within the spleen on 
histological examination, but did not attempt to identify the egg types found. However, 74% 
of turtles were found to have microscopic adult flukes (consistent with N. 
schistosomatoides), most commonly within the meninges.  
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Table 1.3 Summary of spirorchiid species tissue tropisms and impact  
Species Site Impact 
Hapalotrema sp. Heart chambers 
Right aorta 
Left aorta 
Other major vessels 
Gastrointestinal tract 
 
Endocarditis  
Endarteritis  
Thrombi  
Fibrosis of lungs 
Pulmonary oedema 
Inflammation/granuloma in 
various organs, leading to 
occlusions 
Amphiorchis sp. Mesenteric arteries 
Hepatic vessels 
Necrosis of mucosa 
Arteritis 
Carettacola sp. Hepatic vessels  
Neospirorchis sp. Meningeal & other CNS vessels 
Heart 
Major vessels 
Thymus 
Endocrine organs 
Alimentary submucosa 
Occasionally other organs 
Inflammation/granuloma  
Meningitis  
Choroiditis 
Ulceration 
Thrombi 
Thyroiditis 
(Cribb and Gordon, 1998; Dailey et al., 1991; Flint et al., 2010; Glazebrook and Campbell, 1990; Glazebrook 
et al., 1981; Gordon et al., 1993; Jacobson et al., 2006; Stacy et al., 2010a; Work and Balazs, 2002). 
 
Site predilection has also been observed for the genus Carettacola. Stacy et al. (2010a) 
found C. bipora located only within the hepatic vessels of Florida loggerhead turtles.  C. 
bipora was the only species present from this genus, was present in low numbers and did 
not appear to be directly associated with lesions. Meanwhile, Dailey et al. (1991) and 
Graczyk et al. (1995) observed C. hawaiiensis in similar locations within green turtles.  
1.4 Coccidiosis 
1.4.1 Biology of the Coccidia 
Coccidians are a sub-class (Coccidiasina) of single-celled protists within the phylum 
Apicomplexa.  They are obligate intracellular parasites and are highly host specific. In 
most cases, coccidians infect the gastrointestinal tract, however, they may sometimes 
parasitise other tissues.  
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The Coccidia are divided into four orders; the largest of these, the Eucoccidiorida, 
encompasses the majority of species that are significant among wildlife and domestic 
animal populations. Within the Eucoccidiorida, the ‘traditional’ coccidians of the family 
Eimeriidae are among the most commonly encountered. Parasites within this family are 
generally monoxenous (single host) parasites of the gastrointestinal tract; they have direct 
life cycles that include asexual and sexual phases, and produce environmentally resistant 
oocysts (Long and Hammond, 1973). Oocysts, once passed in the faeces, sporulate and 
become infectious to potential new hosts on ingestion. Another well-known group, the cyst 
forming coccidians of the family Sarcocystidae, often use intermediate or paratenic hosts. 
The definitive host may be infected via one of two routes, that is, through direct ingestion 
of oocysts or of the intermediate/paratenic host. Individual zoites are often capable of 
infecting and encysting within various tissue types, including the brain. Further species, 
including those within the Lankesterellidae, are haemoparasites and use haematophagous 
ectoparasites as vectors to disperse to new hosts. 
1.4.2 Coccidia of reptiles 
Coccidian parasites can be found among all major orders of Reptilia (Greiner, 2003; 
Jacobson, 2007). The genera Eimeria and Isospora (Greiner, 2003) account for the largest 
numbers of species. These eimeriid coccidians are usually not significantly pathogenic 
under ordinary circumstances (Greiner, 2003; Jacobson, 2007). Likewise, the 
haemococcidians (e.g. Schellackia spp.) and cyst forming coccidians (e.g. Sarcocystis 
spp. and Besnoitia spp.) are widespread among reptiles, but are not reported to cause 
notable problems for their host (Bonorris and Ball, 1955; Jacobson, 2007; Telford Jr, 
2008). Conversely, Cryptosporidium spp. are frequently observed in reptiles, where they 
appear to be capable of causing gastrointestinal disease (Greiner, 2003; Jacobson, 1993; 
Jacobson, 2007). Additionally, reports of an unclassified intranuclear coccidian (Garner et 
al., 2006; Jacobson et al., 1994) have been made from tortoises in the USA. These 
infections were identified in a variety of tissues types and were considered to be the cause 
of death in most cases.  
 
To date, only three species of Coccidia have been reported from marine turtles. In 1990, a 
species of Eimeria (Eimeria caretta) was described from loggerhead turtles from Florida, 
USA (Upton et al., 1990). To date, this remains the only account of this organism, and no 
report was made of any pathogenic effects. In 1997, it was reported that oocysts were 
recovered from faecal material obtained from green sea turtles in Hawaii; these 
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subsequently returned positive responses when tested with commercial immunoassay kits 
designed for Cryptosporidium parvum (Graczyk et al., 1997). Given that these kits have 
been demonstrated to give positive reactions to other species of Cryptosporidium, it 
remains unclear whether these infections were attributable to C. parvum, or another 
closely related species (Graczyk et al., 1997). Adverse impacts on green sea turtles as a 
result of these infections were not reported, and all turtles studied were determined to 
have died of other causes (Graczyk et al., 1997). However, a third coccidian parasite, 
Caryospora cheloniae, was described from green sea turtles in 1973 (Leibovitz et al., 
1978; Rebell et al., 1974), and has been associated with several mass mortality events 
(Gordon et al., 1993; Leibovitz et al., 1978; Rebell et al., 1974). 
1.4.3 Caryospora cheloniae   
1.4.3.1 History and Biology 
Caryospora cheloniae was first recorded in the spring of 1973, when it was found in young 
green sea turtles in a mariculture facility on Grand Cayman Island (Leibovitz et al., 1978). 
It was placed into the genus Caryospora (Eimeriidae) on account of morphological and 
developmental features, primarily an ellipsoidal oocyst developing one single sporocyst 
with eight sporozoites (Leibovitz et al., 1978; Pellerdy, 1974). This first record noted 
occurrence in the gastrointestinal tract; parasites observed here were identified as micro 
and macrogametes along with developing oocysts (Rebell et al., 1974). No report of 
infection within other organ systems was given, however, while histological sections of 
other tissues were reportedly examined, no specification of type or number of tissues 
examined was given (Rebell et al., 1974).  
 
Caryospora cheloniae was not subsequently reported again until 1991, when an epizootic 
event occurred in the wild green sea turtle populations of Moreton Bay, off the east coast 
of Australia (Gordon, 2005; Gordon et al., 1993). Once again occurring in the spring 
months, on this occasion the parasite was found in kidney, thyroid, adrenal gland, bladder, 
lung and brain tissue, in addition to the gastrointestinal tract (Gordon et al., 1993). Sexual 
reproductive phases were restricted to the latter site. Morphological examination of the 
oocysts and stages visible on histological section indicated that the coccidian resembled 
that described by Leibovitz et al. (1978) from the 1973 Grand Cayman outbreak, with 
minor variations in sporocyst size potentially attributable to host age/size or environmental 
temperature (Gordon et al., 1993). Coccidiosis of wild green sea turtles has since only 
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been formally reported as occasional isolated infections (Flint et al., 2010), however, no 
definitive identification of the parasite has been made in these cases. 
1.4.3.2 Disease 
The initial report of C. cheloniae in Grand Cayman noted that affected turtles were 
emaciated, weak, and flat (Rebell et al., 1974). Cylindrical casts of intestinal mucosa were 
passed. On necropsy, the entire length of the intestinal tract distal to the bile duct opening 
was found to contain plaque-like lesions, with gelatinous sloughs of the mucosa and 
numerous oocysts present throughout. In 1991, severe gastrointestinal lesions were also 
noted in the majority of cases (Gordon et al., 1993). However, additional gross pathology 
included white foci on the thyroid in several cases, and several more with haemorrhage of 
the kidneys. Significantly, histological examination found that most cases were associated 
with severe meningoencephalitis, which was often accompanied by neurological clinical 
presentation. Mortality was generally attributed to the gastrointestinal lesions, however, 
several turtles had persistent neurological signs necessitating euthanasia after having 
apparently recovered from gastrointestinal infection (Gordon et al., 1993). The variation in 
extent and clinical presentation of infection requires further examination. 
 
1.5  Investigation and Diagnosis of Sea Turtle Parasites 
1.5.1 Development of techniques for sea turtle parasite investigation 
In the case of many parasites, including spirorchiids, species cannot be differentiated by 
egg morphology alone, limiting the use of coproscopic techniques for accurate diagnosis.  
A further consideration is that the rate of egg or oocyst shedding in the faeces may vary 
according to many factors and may not give an accurate indication of burden (De Bont et 
al., 2002). Ante-mortem diagnosis of coccidial infection in sea turtles has traditionally been 
achieved through faecal smear/flotation and microscopy. However, it has been reported 
that neurological signs persist following apparent recovery from gastrointestinal infection 
(Gordon et al., 1993). It is therefore possible that oocysts will no longer be detectable in 
the faeces, despite infection persisting within the brain.  
 
Histology is often used in spirorchiid studies and has proven useful where microscopic 
flukes (e.g. Neospirorchis spp.) and small egg granulomas cannot be grossly observed 
(Stacy et al., 2010a). Flint et al. (2010) noted a poor correlation between gross and 
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histological diagnoses for most diseases, excluding spirorchiidiasis, where diagnoses 
between the two methods correlated well.  Histology is therefore an important aid in 
investigation of parasitic infections without which some disease processes and organisms 
may not be detected. 
 
Serology based tests (e.g. ELISA) have the benefit of being relatively portable, and offer 
added sensitivity over microscopy methods (Ndao, 2009). However, antibody levels do not 
always bear a proportionate relationship to infection size, and therefore the use of serology 
in tracking infections and response to treatment is complex and often not feasible 
(Alexander, 2006; Montoya, 2002). Specificity and cross reactivity are limiting factors 
(Rosenblatt et al., 2009), particularly where multiple parasite infections are seen in the 
same host. Further, the ability of the test to detect an infection relies on the host 
developing a sufficient immune response to the pathogen, which does not occur in all 
cases (Ndao, 2009). 
 
Graczyk et al. (1995), Herbst et al. (1998) and Work et al. (2005) used ELISA tests to 
detect exposure to spirorchiids in green turtles. While these tests show potential for some 
applications, these are limited  by various factors including age-related antigen 
heterogeneity, the persistence of antibodies in the blood post-treatment, and potential for 
cross reactivity with other fluke families. Serological tests for gastrointestinal coccidians 
such as Cryptosporidium spp. and Giardia spp. have been developed in humans (Huang 
and White, 2006) and domestic animals (Bowman and Lucio-Forster, 2010). Additionally, 
they are routinely used in diagnosis of systemic protozoan infections such as 
toxoplasmosis (Liu et al., 2015).  
 
DNA based techniques have the advantage of being highly sensitive and specific 
(McManus and Bowles, 1996; Ndao, 2009), and in addition the genome remains 
unchanged throughout the parasite’s life stages. Polymerase chain reaction (PCR) and 
derived techniques are the mainstay of molecular parasitology. PCR offers significant 
sensitivity and specificity advantages over most serological methods (McManus and 
Bowles, 1996; Ndao, 2009), and is unmatched in investigating diversity among parasites. 
However, it requires specialised equipment and is not currently feasible in field situations.  
 
To date, little work has been done towards the development of molecular techniques for 
specific use in sea turtle parasite infections. Only one known attempt to detect spirorchiid 
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infections in a host using DNA has been made (Stacy, 2008; Stacy et al., 2010b). A hemi-
nested PCR was used to search for Hapalotrema spp. and L. learedi cercaria in potential 
molluscan intermediate hosts and provides clues for the identity of the intermediate host 
for L. learedi. No published attempts have been made to use PCR (or any other DNA 
based technique) in the detection of spirorchiids or Coccidia in live sea turtles.  
 
In contrast to spirorchiidiasis in turtles, diagnosis of human blood-flukes, Schistosoma spp. 
has been the subject of extensive study. Traditionally, the focus has been on faecal 
examination and antigen based tests, however, these have limited application in post-
treatment monitoring, as egg shedding and serologic markers often persist following 
successful treatment. PCR-based approaches aimed at detection of DNA in faeces and 
blood have been shown to offer higher sensitivity and specificity than conventional faecal 
egg detection in stool (Lier et al., 2008; Oliveira et al., 2010; Pontes et al., 2002; Pontes et 
al., 2003) and serological approaches (Pontes et al., 2002; Wichmann et al., 2009; 
Wichmann et al., 2013). PCR may be particularly useful in areas of low endemicity or 
where low burdens or levels of egg excretion are present (Gentile et al., 2011; Oliveira et 
al., 2010; Pontes et al., 2002) and also in early stages of disease (Wichmann et al., 2013).  
 
Real-time PCR has given encouraging results for initial diagnosis as well as quantitative 
post-treatment monitoring in schistosomiasis. (Cavalcanti et al., 2013; Gentile et al., 2011; 
Lier et al., 2008; Wang et al., 2011; Wichmann et al., 2013).  Real-time PCR utilising 
TaqMan probes was calculated to achieve 100 times greater sensitivity than conventional 
PCR when detecting schistosome DNA in mouse faeces (Zhou et al., 2011). Multiplex real-
time PCR can be used to detect multiple gastrointestinal coccidians in faecal samples 
(Ricciardi and Ndao, 2015; Verweij et al., 2004). For species associated with 
multisystemic, disseminated infections such as Toxoplasma gondii, both serologic and 
molecular tests on blood samples can be utilised dependent on the immune status of the 
patient (Ricciardi and Ndao, 2015; Robert-Gangneux and Dardé, 2012).   
 
While it may be regarded that PCR-RFLP has been superseded by other molecular 
methods, it continues to be a cost effective and simple approach finding use in parasite 
diagnosis and investigation. Among many examples, it has been used to identify 
hookworm species in dog faecal samples (Traub et al., 2004), giardia and cryptosporidium 
in human faeces (Asher et al., 2012; Waldron et al., 2009) and Toxoplasma genotypes in 
humans or animals (Su et al., 2006). 
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Absence of specific diagnostic testing presents difficulties in the assessment of 
anthelminthic treatment efficacy (Stacy et al., 2010a). Similarly, the relationship between 
clinical symptoms and burden type and size cannot be accurately determined, as turtles 
are often found stranded, moribund or deceased (Stacy et al., 2010a). In many cases, 
other pathogens and stressors co-occur with parasitic diseases (e.g. toxic algal blooms, 
heavy metal accumulation, other environmental stressors) making the specific symptoms 
difficult to delineate (Flint et al., 2015b; Jacobson et al., 2006). 
1.5.2  Sea Turtle Parasites – Current Molecular Knowledge  
1.5.2.1 Spirorchiidae 
At the commencement of this study, a search of Genbank returns 40 entries for the 
Spirorchiidae, of which only 14 were from marine spirorchiids. A total of 6 marine species 
from three genera were represented. 
 
 The majority of spirorchiid work to date has focussed on the nuclear genome, in particular 
the small and large ribosomal DNA subunits (SSU/LSU, 18S/28S) and the second internal 
transcribed spacer region (ITS2). The subunits are the most popular and well-studied 
regions for phylogenetic work across all phyla (Blair, 2006). The 18S has been used for 
phylogenetic work due in part to its shorter length (generally around 2000 bp); the longer 
length of the 28S (usually 3200 – 5500 bp) makes it difficult to obtain complete sequences 
(Blair, 2006), though partial sequences can be useful and their numbers in databases are 
growing. The variable ‘expansion’ regions can be used in analysis down to species level. 
ITS1 and ITS2 are located between the 18S and 5.8s gene and the 5.8s gene and 28S 
respectively, and are relatively poorly conserved (Blair, 2006). However, in many taxa the 
ITS show little or no intraspecific variation (Nolan and Cribb, 2005) making them a suitable 
target for species level phylogenetic studies. The presence of well conserved regions 
adjacent to each end of the two ITS regions provides good opportunities for primer design 
(Blair, 2006). 
 
Of the 53 spirorchiid sequences in Genbank, only 2 are from the mitochondrial genome. 
The mitochondrial genome is significantly smaller than the nuclear genome (usually less 
than 20,000bp) and consists of a circular arrangement of two rRNAs, 22 tRNAs, 12 protein 
coding genes and small and large non coding regions (LRs). Mitochondrial genes 
commonly accumulate mutations at a greater rate than nuclear genes. This combined with 
30 
 
their large number of copies per cell give them potential for use in phylogenetic studies (Le 
et al., 2002; McManus et al., 2004), particularly where geographic variation and cryptic 
speciation is of interest. 
 
The earliest spirorchiid genetic information was obtained during studies on their sister 
family, the Schistosomatidae. Barker and Blair (1996) submitted the first spirorchiid 
sequences to Genbank. These sequences were for the 28S and 18S regions of a 
Hapalotrema sp. and were collected for use as outgroups in a schistosome study. 
Following this, small numbers of spirorchiid sequences continued to be contributed as a 
result of phylogenetic work on the schistosomes (Snyder and Loker, 2000) or the broader 
Digenea (Olson et al., 2003). The relationship between the schistosomes and spirorchiids 
was studied in further depth by Snyder (2004) and Brant et al. (2006); these studies 
contributed a number of freshwater and marine spirorchiid sequences (28S, 18S and 
Cox1). Tkach et al. (2009) submitted sequence data alongside the morphological 
description of a new species of freshwater spirorchiid, representing the first published 
spirorchiid description to be accompanied by genetic data. 
 
The most comprehensive (yet to date, unpublished) investigation of spirorchiid genetic 
diversity to date was undertaken by Stacy (2008). The ITS2 and Cox1 regions of 
specimens from five genera of marine spirorchiids were amplified and sequenced, with 
correlations identified between genotype and geography, microhabitat or morphology. The 
result was a library of genetic data that will be useful for comparison in future phylogenetic 
or epidemiology studies. 
1.5.2.2 Coccidia 
To date, no molecular studies on coccidian parasites from any sea turtle species have 
been published, and no sequence data is available in Genbank.  
A small number of molecular characterisations of Coccidia from tortoises and freshwater 
turtles have been undertaken. Often, these characterisations have not been accompanied 
by a morphological identification. For example, a portion of the 18S region of an 
intranuclear coccidian from north American tortoises was sequenced (Garner et al., 2006) 
but the organism was unable to be identified as no sporulated oocysts could be obtained. 
Phylogenetic analysis using these sequences indicated that this coccidian does not fall 
within the two major recognised families of Coccidia, i.e. the eimeriids or sarcocystids. 
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1.6  Aims of Study and Thesis Structure 
The aims of this study are to explore parasitic disease affecting marine turtle populations, 
with a focus on those known to have significance within the waters of south-east 
Queensland. Chapter 1 has provided an overview of the existing literature and has 
identified areas requiring further investigation. This project will work towards addressing 
these shortfalls in knowledge, with the following four specific aims: 
 
1. Catalogue the diversity of parasites affecting sea turtle populations within 
Queensland waters using molecular and morphological techniques 
 
Despite the documented impacts of parasites on Queensland’s marine turtle populations, 
relatively little is known about the diversity of species in the region. Chapter 2 surveys the 
suite of spirorchiid parasites occurring along the Queensland coast and explores their 
phylogenetic relationships, while Chapter 5 provides the first molecular characterisations 
of Caryospora spp.  
 
2. Develop molecular methods to detect and identify spirorchiid ova occurring in 
mixed infections of turtle tissues 
 
A difficulty in the investigation of spirorchiid pathology is the inability to identify species 
based on ova morphology, and the use of traditional molecular methods is limited where 
mixed infections occur. Chapter 3 describes a new method to differentiate between the 
ova of spirorchiid species identified in Chapter 2.  
 
3. Use molecular techniques to investigate the epidemiology and pathology of 
disease caused by local parasite species 
 
The method developed and described in Chapter 3 is used to investigate the epidemiology 
and pathology of spirorchiid infections in green turtles from Queensland in Chapter 4. 
Further, tissue tropisms and pathology associated with distinct genotypes of Caryospora 
are described in Chapter 5. 
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4. Explore and develop potential methods for the diagnosis of neurological parasite 
infections in live turtles 
 
Spirorchiidiosis and coccidiosis often have similar clinical presentations, however, 
methods for rapid diagnosis and differentiation are limited. A multiplex real-time PCR is 
developed and trialled as a post- and ante-mortem diagnostic tool in Chapter 6. 
 
The outcomes of these aims are discussed in Chapter 7 to examine and highlight the links 
between the various aspects of this project, and to identify future research priorities. 
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Chapter 2 Molecular analysis of diversity within the marine turtle blood flukes 
(Digenea: Spirorchiidae) 
This chapter is adapted from the publication: 
 
Chapman P.A., Cribb T.H., Blair D., Traub R.J., Kyaw-Tanner M.T., Flint M., Mills P.C. 
2015. Molecular analysis of the genera Hapalotrema Looss, 1899 and Learedius Price, 
1934 (Digenea: Spirorchiidae) reveals potential cryptic species, with comments on the 
validity of the genus Learedius. Systematic Parasitology 90:67-79 
 
2.1 Abstract   
Adult blood flukes of the genera Hapalotrema Looss, 1899, Learedius Price, 1934, 
Carettacola Manter and Larson, 1950 and Neospirorchis Price, 1934 were collected from 
turtles off Queensland and the Hawaiian Islands. Specimens were identified as 
Hapalotrema pambanensis Mehrotra, 1973, H. synorchis Luhman, 1935, H. postorchis 
Rao, 1976, Learedius learedi Price, 1934 and Carettacola hawaiiensis Dailey et al., 1991 
on the basis of morphology. No species of Neospirorchis could be identified definitively. No 
major morphological differences were found between identified specimens from this study 
and previously published descriptions. DNA was also extracted and sequences obtained 
using custom spirorchiid-specific primers for the ITS2 and 28S rDNA regions, in order to 
confirm species identification and investigate phylogenetic relationships. Intraspecific 
genetic variation was generally low. However, the ITS2 region of H. postorchis and to a 
lesser extent that of L. learedi showed considerable variation between specimens from the 
Pacific and Atlantic oceans. Further studies will be required to determine whether this 
variation should be considered inter- or intra-specific. Maximum likelihood phylogenetic 
analyses were completed for both sequenced genes. Learedius learedi was unequivocally 
nested among species of Hapalotrema, suggesting that the status of the genus Learedius 
needs to be reassessed. Multiple genotypes and species of Carettacola and Neospirorchis 
were identified in addition to an apparently novel spirorchiid, however, species level 
identification proved difficult in most cases due to morphological sample quality and the 
limited genetic database for spirorchiids. This study detected previously unrecognised 
diversity among the spirorchiids and provides a basis for further investigation and use of 
molecular data in diagnostics. 
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2.2 Introduction 
Spirorchiid flukes inhabit the cardiovascular systems and organs of marine turtles and are 
a factor in strandings and mortalities worldwide (Aguirre et al., 1998; Flint et al., 2010; 
Stacy et al., 2010a). In Queensland, Australia, spirorchiids can be found in 75–98% of 
green sea turtles (Chelonia mydas (Linnaeus)) presented for necropsy (Flint et al., 2010; 
Gordon et al., 1998) and their pathogenicity has been shown to cause up to 41% of green 
sea turtle deaths at some localities (Flint et al., 2010). To date, molecular characterisation 
and phylogenetic analysis of the Spirorchiidae Stunkard, 1921 has received little attention, 
despite the potential use of this information in development of DNA-based diagnostic tests. 
Currently, diagnosis of spirorchiid infection relies on faecal examination (lacking in 
specificity and sensitivity) or invasive procedures such as biopsy or necropsy. Evidence 
exists for the presence of cryptic speciation within currently recognised spirorchiid species 
(Stacy, 2008) and this may be relevant in the development of diagnostic tests. Here, we 
identify species that occur in marine turtles from Queensland waters, explore their 
phylogenetic relationships, and expand the limited sequence database for spirorchiids. We 
compare sequences from specimens sampled off Queensland and Hawaii with published 
sequences from other geographical regions (i.e. Atlantic Ocean). Available sequences are 
used to investigate geographical variation and potential cryptic speciation.  
 
2.3 Materials and methods 
2.3.3 Sample collection 
Dead turtles were obtained for examination through government agencies (Queensland 
Parks and Wildlife Service, QPWS) or wildlife rehabilitation facilities including Underwater 
World Sea Life Aquarium (Mooloolaba) and Australia Zoo Wildlife Hospital (Beerwah). 
Hawaiian turtles were obtained through the United States Geological Survey National 
Wildlife Health Centre. Necropsies were undertaken using standard procedures (Flint et 
al., 2009b). Major organs and associated vasculature, including the heart and great 
vessels, brain, gastrointestinal tract, liver, lungs and spleen, were systematically searched 
for spirorchiids. Organs were initially examined grossly for parasites. Those with 
accessible vessels (e.g. heart, liver, pancreas) were flushed using citrated saline solution, 
with the solution filtered through a fine (~250 µm) nylon mesh and recovered material 
examined under dissecting microscope. Further examination of organs and dissection 
under dissecting microscope was undertaken where smaller, delicate parasites or 
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evidence of their presence (i.e. lesions) were observed. Spirorchiids were generally dead 
at the time of collection and were fixed in 70% ethanol or 10% formalin.  
 
2.3.4 Morphological identification 
Spirorchiids for morphological identification were stained with Mayer’s haematoxylin and 
destained in 1% hydrochloric acid followed by neutralisation in 1% ammonia solution. 
Specimens were then dehydrated using a graded ethanol series and cleared with methyl 
salicylate prior to mounting in Canada balsam. The drawing was made with the aid of a 
drawing tube. Measurements were taken using a calibrated eyepiece micrometer and are 
reported in micrometres unless otherwise stated and are presented as the range followed 
by the mean in parentheses. 
 
2.3.5 Molecular characterisation and phylogeny 
Portions of adult worms were removed to provide genetic material prior to staining, or 
additional corresponding whole adults were used. DNA was extracted using the DNeasy 
Blood and Tissue kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions. 
The 28S and ITS2 regions of the ribosomal genome were amplified by PCR using family-
specific primers designed by aligning spirorchiid sequences obtained from GenBank. The 
28S region was amplified using forward primer L3F (5'-TCG GGT TGT TTG TGA ATG 
CAG-3') and reverse primer L2R (5'-ATC GAT TTG CAC GTC AGA ATC G-3'), while the 
ITS2 region was amplified using forward primer IF1 (5'-GAT ATC CTG TGG CCA CGC 
CTG-3') and reverse primer IR1 (5'-CGG GTT GTT TGT GAA TGC AGC-3'). PCR was 
performed in a 25 µL reaction volume, comprising 50ng DNA, 4 µL dNTP (Qiagen) at a 
final concentration of 1.25 mM each, 2.5 µL 10× PCR buffer, 2.5 µL of each forward and 
reverse primer at a final concentration of 10 mM, and 1.25 units HotStar Taq (Qiagen) with 
the remainder of the volume made of nuclease free water. Cycling conditions to amplify 
the 28S comprised an initial activation step of 94°C for 5 minutes, followed by 40 cycles of 
94°C for 30 seconds, 60°C for 30 seconds and 72°C for 2 minutes with a final extension 
step of 72°C for 10 minutes. The same conditions were used for ITS2, but with an 
annealing temperature of 57°C replacing 60°C. 
 
PCR products were purified and sequenced in a both directions by the Animal Genetics 
Laboratory (AGL) within the School of Veterinary Science, The University of Queensland. 
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Where multiple bands occurred, the desired bands were cut from agarose gels and 
purified using the MinElute Gel Extraction Kit (Qiagen) according to the manufacturer’s 
recommendations prior to submission to the AGL for sequencing. Sequence 
chromatograms were read and analysed using the software program Finch TV v 1.4.0  
(Geospiza Inc., Seattle, WA), aligned using BioEdit v 7.0.9.0 (Hall, 2005) and Maximum 
Likelihood trees constructed using MEGA v6 (Tamura et al., 2013) with one thousand 
bootstrap replicates specified. The Kimura 2 (ITS2) and General Time Reversible (28S) 
models were used following the use of the MEGA v6 model test function. 
 
2.4 Results 
Turtles were obtained from various locations within Queensland and Hawaiian coastal 
waters (Table 2.1). On the basis of morphology, three species of Hapalotrema, one 
species of Learedius, and specimens from the genera Neospirorchis and Carettacola were 
identified from examination of 32 C. mydas, three Eretmochelys imbricata L., and one 
Caretta caretta L. (Table 2.1). Morphological identification of Neospirorchis and 
Carettacola specimens beyond genus level was not possible due to small sample numbers 
and the delicate nature of the flukes resulting in poor quality specimens.  Further L. learedi 
specimens, originating from islands off Northern Queensland, Badu (10°06'04.0"S, 
142°06'50.7"E) and Dalrymple (9°36'45"S, 143°18'16"E), were borrowed from the 
Queensland Museum (Table 2.1). Prevalence of each species is provided in Table 2.2. No 
spirorchiids were recovered from the single C. caretta examined.
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Table 2.1 Location and host details of spirorchiid specimens collected from Queensland coastal waters and Hawaii.  
Spirorchiid species Host species Host ID Locality Year Host 
CCL 
Site in host No. of 
spec. 
GenBank 
accession 
number 
 
  
      ITS2 28S 
Hapalotrema 
postorchis 
Chelonia mydas GT5811 Moreton Bay, QLD 2011 90.2 Pulmonary aorta 1 KM652617 KM652621 
  GT6311 Quoin Island, QLD 2011 45.1 Aorta 6 KM652617 KM652621 
  GT7811 Coolum, QLD 2011 43.2 Thrombus 2 KM652617 KM652621 
  UQ1207 Hauula, HI 2012 - Heart 1 - - 
Hapalotrema 
pambanensis 
Chelonia mydas GT1011 Boyne Island, QLD 2011 - Heart 1 - - 
  GT5811 Moreton Bay, QLD 2011 90.2 Pulmonary aorta 2 KM652616 KM652620 
  
    Heart 7 KM652616 KM652620 
  GT6311 Quoin Island, QLD 2011 45.1 Body cavity 2 KM652616 KM652620 
  
    Heart 1 - - 
  GT7811 Coolum, QLD 2011 43.2 Heart 2 - KM652620 
  
    Thrombus 1 - - 
  SVS11257 Moreton Bay, QLD 2011 68.7 Heart 3 KM652616 KM652620 
  UQ1203 Kailua Bay, HI 2012 - Heart- 1 KM652624 KM652627 
  UQ1206 Waianae, HI 2012 - Heart 2 KM652624 KM652627 
  UQ1207 Hauula, HI 2012 - Heart - KM652624 KM652627 
  UQ1209 Kaneohe Bay, HI 2012 - Heart 2 KM652624 KM652627 
 Eretmochelys 
imbricata 
HBT6711 Buddina Beach, QLD 2011 - Heart 1 - - 
Hapalotrema 
synorchis 
Eretmochelys 
imbricata 
HBT5911 Redland Bay, QLD 2011 42.5 Heart 1 - KM652622 
  HBT6711 Buddina Beach, QLD 2011 35.4 Heart 5 KM652618 KM652622 
  
    Lung 2 KM652618 KM652622 
  
    Body cavity 1 KM652618 KM652622 
Learedius learedi Chelonia mydas GT1011 Boyne Island, QLD 2011 - Heart 1 KM652619 KM652623 
  GT7811 Coolum, QLD 2011 43.2 Heart 1 - - 
      Lung 1 KM652619 KM652623 
  UQ1202 Waialua, HI 2012 - Heart 1 - - 
  UQ1206 Waianae, HI 2012 - Heart 5 KM652625 KM652626 
  UQ1208 Waialua, HI 2012 - Heart 1 KM652625 KM652626 
  UQ1209 Kaneohe Bay, HI 2012 - Heart 1 KM652625 KM652626 
  UQ1210 Haleiwa, HI 2012 - Heart 1 KM652625 KM652626 
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  QM226102* Badu Island, QLD 1979 - Heart 1 - - 
  QM226103* Badu Island, QLD 1979 - Heart 2 - - 
  QM226104* Badu Island, QLD 1979 - Heart 1 - - 
  QM226106* Badu Island, QLD 1979 - Heart 1 - - 
  QM226107* Dalrymple Island, QLD 1979 - Heart 1 - - 
Neospirorchis sp. 
Genotype 1 
Neospirorchis sp. 
Genotype 2 
 
Neospirorchis sp. 
Genotype 3 
Carettacola 
hawaiiensis 
 
 
 
 
 
Carettacola 
Genotype 1 
Carettacola sp. 
Genotype 2 
Unidentified 
Carettacola spp. 
 
Novel spirorchiid 
 
 
GT7811 
 
GT1011 
GT6011 
GT0711 
GT8011 
 
GT6111 
 
 
GT0811 
GT6011 
GT6311 
 
GT7811 
 
GT7911 
GT6011 
GT6311 
 
UQ1209 
GT6611 
Coolum, QLD 
 
Boyne Island, QLD 
Gladstone, QLD 
Boyne Island, QLD 
Tin Can Bay, QLD 
 
Gladstone Harb., QLD 
 
 
Boyne Island, QLD 
Gladstone, QLD 
Quoin Island, QLD 
 
Coolum, QLD 
 
Deception Bay 
Gladstone, QLD 
Quoin Island., QLD 
 
Kaneohe Bay, HI 
Wurtulla, QLD 
2011 
 
2011 
2011 
2011 
2011 
 
2011 
 
 
2011 
2011 
2011 
 
2011 
 
2011 
2011 
2011 
 
2012 
2011 
43.2 
 
44.6 
50.9 
46.8 
42.5 
 
57.9 
 
 
44.8 
50.9 
45.1 
 
43.2 
 
104.1 
 
50.9 
45.1 
- 
95 
Body cavity 
Brain 
Heart 
Heart 
Heart 
Lung 
 
Body cavity 
Heart 
Liver 
Heart 
Body cavity 
Pancreas/ 
mesentery 
Body cavity 
 
Liver 
Liver 
Pancreas 
Body cavity 
Heart 
Body cavity 
1^ 
3 
1^ 
1 
1 
1 
 
2 
1^ 
1 
1^ 
2 
3 
 
1 
 
4 
1 
1 
1 
1 
1 
 
KU600079 
KU600079 
KU600080 
KU600080 
KU600080 
KU600081 
 
KU600075 
KU600075 
KU600075 
KU600075 
KU600075 
KU600075 
 
KU600076 
 
KU600077 
 
- 
- 
- 
KU600078 
 
KU600072 
KU600072 
KU600073 
KU600073 
KU600073 
KU600074 
 
KU600068 
KU600068 
KU600068 
KU600068 
KU600068 
KU600068 
 
KU600069 
 
KU600070 
 
- 
- 
- 
KU600071 
 
          
*Denotes Queensland Museum registration number 
^DNA only; no slide mounted specimen 
39 
 
Table 2.2 Numbers of infected/examined hosts and prevalence (in %) of spirorchiids in 
Queensland marine turtles. 
 Chelonia mydas  
(QLD) 
Eretmochelys imbricata 
(QLD) 
Chelonia mydas  
(HI) 
Hapalotrema postorchis 3/22 (13.6; 4.8-33.3) 0/3 (0) 1/10 (10; 1.8-40.4) 
Hapalotrema pambanensis 10/22 (45.5; 26.9-65.3) 1/3 (33.3; 6.2-79.2) 5/10 (50; 23.7-76.3) 
Hapalotrema synorchis 0/22 (0) 2/3 (66.7; 20.8-93.9) 0/10 (0) 
Learedius learedi 9/22 (40.9; 23.3-61.3) 0/3 (0) 5/10 (50; 23.7-76.3) 
Unidentified Hapalotrema/ 
Learedius spp. 
7/22 (31.8; 16.4-52.7) 1/3 (33.3; 6.2-79.2) – 
Overall infection rate 
Hapalotrema/ Learedius spp. 
14/22 (63.6; 43.0-80.3) 2/3 (66.7; 20.8-93.9) 7/10 (70; 39.7-89.2) 
Carettacola hawaiiensis 
Carettacola gen. 1 
Carettacola gen. 2 
4/22 (18.2; 7.3-38.5) 
1/22 (4.5; 0.1-21.8) 
1/22 (4.5; 0.1-21.8) 
0/3 (0) 
0/3 (0) 
0/3 (0) 
0/10 (0) 
0/10 (0) 
0/10 (0) 
Unidentified Carettacola spp. 
Neospirorchis gen. 1. 
Neospirorchis gen. 2 
Neospirorchis gen. 3 
2/22 (9.2; 0.3-27.8) 
1/22 (4.5; 0.1-21.8) 
3/22 (13.6; 4.8-33.3) 
1/22 (4.5; 0.1-21.8) 
0/3 (0) 
0/3/ (0) 
0/3/ (0) 
0/3/ (0) 
1/10 (10; 1.8-40.4) 
0/3/ (0) 
0/3/ (0) 
0/3/ (0) 
Numbers in brackets denote percentages, followed by 95% confidence intervals. 
 
2.4.3 Genus Hapalotrema Looss, 1899 
2.4.3.1 Hapalotrema postorchis Rao, 1976 
Type-host: Chelonia mydas (Linnaeus). 
Type-locality: Pamban, Gulf of Mannar, India. 
 
New records 
Host: Chelonia mydas (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Pulmonary aorta, right aorta, heart. 
New specimens deposited: QM G234563–G234572. 
Sequence data: KM652617 (ITS2); KM652621 (28S). 
2.4.3.1.1 Remarks 
Measurements of major morphological features are provided in Table 2.3. Hapalotrema 
postorchis was described from the heart of C. mydas in India by Rao (1976) and has 
subsequently been reported and described from Hawaiian (Dailey et al., 1993), 
Queensland (Cribb and Gordon, 1998) and Brazilian waters (Werneck et al., 2014). It has 
been reported on further occasions, but without detailed descriptions, off Queensland 
(Gordon et al., 1998; Platt and Blair, 1998), Costa Rica (Santoro et al., 2006; Santoro et 
al., 2007), Florida (Stacy, 2008; Stacy et al., 2010a) and Taiwan (Chen et al., 2012). 
Hapalotrema postorchis can be distinguished from other species in the genus by the 
40 
 
restriction of the testes to the posterior half of the body. The testes are also divided into 
roughly even pre and post-ovarian groups. Examination of nine newly-collected specimens 
(Table 2.1) revealed no significant morphological differences relative to the description 
given by Cribb and Gordon (1998); dimensions are generally similar (Table 2.3). However, 
when compared with the measurements reported by Rao (1976) and Dailey et al. (1993), 
our specimens are on average smaller and have fewer testes. The morphometric data 
published by Werneck et al. (2014) from off Brazil are based on a single specimen; the 
measurements provided are smaller than those for our specimens in some instances (e.g. 
body width, ventral sucker). One new specimen was examined from off Hawaiian Islands 
and revealed no noteworthy differences relative to those from off Queensland, although 
not all features could be assessed due to specimen quality. When compared with the 
description of Dailey et al. (1993), the Hawaiian specimen was shorter (7.9 vs 10.3 mm) 
but similar in width.  
2.4.3.1.2 Molecular characteristics 
Two sequences of the ITS2 and partial 28S regions were obtained for this species (Table 
2.1). No variation was observed, and the ITS2 was identical to a published sequence 
derived from a specimen from off Hawaii (Stacy, 2008). However, they differed at 6 of 259 
bases relative to the ITS2 sequence for H. postorchis available on GenBank (GU937895.1, 
sourced from the north-west Atlantic/Caribbean, USA). 
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Table 2.3 Morphometric data for identified spirorchiid species 
Character / 
Species 
Hapalotrema  
postorchis 
Hapalotrema 
pambanensis 
Hapalotrema 
synorchis 
Learedius 
learedi 
Carettacola 
hawaiiensis 
Locality QLD HI QLD  
 
HI 
 
QLD QLD HI 
 
QLD 
Sample size (n = 9) (n = 1)  (n = 20)  (n = 5) (n = 9) (n = 10)  (n = 9) (n = 5) 
Length  5200-9400  
(7790)  
(7570) 5314-9429 
(7060) 
5229-7086 
(6080) 
5857-7657  
(6450) 
1570-3710 
(2350) 
2460-4460 
(3080) 
3977-5277 
(4627) 
Width 714-1543 
(965) 
(1143) 429-971 
(680) 
486-600 
(543) 
914-1714  
(1333) 
506-886 
(692) 
543-857 
(711) 
155-369 
(275) 
No. of pre-
ovarian testes 
7-8 (7) - 41-53  (47) (53) 29-35 (32) 
 
28-36 (33) 27-32 (29) 0 (0) 
No. of post-
ovarian testes 
6-8 (8) - 35-54  (45) (51) (27) 0 0 40 (40) 
Cirrus-sac length  200-257 
(219) 
- 171-371 
(284) 
229-371 
(305) 
200-257  
(229) 
86-348 (174) - 175 (175) 
Cirrus-sac width  86-114 (95) - 57-171 (95) 86-114 (100) 57-86 (76) 
 
45-77 (59) - 88 (88) 
Oral sucker 
length  
143-229 
(167) 
- 257-400 
(324) 
314-371 
(333) 
229-343  
(281) 
142-286 
(197) 
229-343 
(265) 
72-120 
(114) 
Oral sucker width  114-200 
(155) 
- 229-371 
(302) 
314-371 
(343) 
229-343  
(286) 
174-284 
(214) 
143-314 
(233) 
72-120 (96) 
Ventral sucker 
length  
343-514 
(486) 
 
- 
343-571 
(471) 
429-486 
(457) 
457-600  
(531) 
(237) 400-514 
(440) 
167-231 
(205) 
Ventral sucker 
width  
343-514 
(457) 
- 429-543 
(489) 
429-514 
(471) 
457-600  
(526) 
(237) 343-486 
(414) 
167 (167) 
Oesophagus 
length 
314-714 
(557) 
- 429-829 
(633) 
543-629 
(581) 
1000-1457  
(1186) 
474-1200 
(709) 
800-1314 
(986) 
466-1125 
(815) 
Ovary length  229-400 
(314) 
- 229-571 
(392) 
314-514 
(448) 
314-457  
(386) 
114-237 
(181) 
114-229 
(164) 
151-359 
(253) 
Ovary width  286-457 
(350) 
- 229-600  
(441) 
343-514 
(429) 
400-829  
(529) 
200-371 
(276) 
143-289  
(221) 
72-159 
(114) 
Abbreviations: QLD, Queensland; HI, Hawaii. 
All measurements in µm. Numbers in brackets denote mean sizes.
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2.4.3.2 Hapalotrema pambanensis Mehrotra, 1973 
Synonyms: Hapalotrema mehrai Rao, 1976; Hapalotrema dorsopora Dailey, Fast & 
Balazs, 1993 
Type-host: Chelonia mydas (Linnaeus). 
Type-locality: Gulf of Mannar, India. 
 
New records 
Host: Chelonia mydas (Linnaeus); Eretmochelys imbricata (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Heart, including ventricles, pulmonary aorta, vasculature of body cavity and 
gastrointestinal tract. 
New specimens deposited: QM G234538–G234562. 
Sequence data: KM652616 (ITS2 – QLD); KM652620 (28S – QLD); KM652624 (ITS2 – 
HI); KM652627 (28S – HI). 
2.4.3.2.1 Remarks 
Hapalotrema pambanensis was described by Mehrotra (1973) from the heart of C. mydas 
in India. The original description was brief, providing only body dimensions and a limited 
list of key features. A more complete description of the type-material was supplied by 
Gupta and Mehrotra (1981). Hapalotrema pambanensis has subsequently been reported 
from Florida (Stacy, 2008; Stacy et al., 2010a). Hapalotrema mehrai was described from 
C. mydas in India by  Rao (1976) and has also been reported from off Queensland by 
Cribb and Gordon (1998), who determined that H. pambanensis and H. dorsopora 
(described from off Hawaii by Dailey et al. (1993) were junior synonyms of H. mehrai, a 
proposition supported by Platt and Blair (1998) on the basis that the original description of 
H. pambanensis by Mehrotra (1973) did not meet the criteria for availability under the 
ICZN. However, Platt (2002) argued that H. pambanensis was valid and therefore the 
senior synonym. Upon examination of the first use of H. pambanensis by Mehrotra (1973), 
it appears that although the description provided is brief, it qualifies as a description under 
the ICZN, thereby making H. pambanensis the senior synonym. 
 
Hapalotrema pambanensis can be distinguished from other species of Hapalotrema by the 
presence of well-defined testes which occupy the posterior two thirds of the body, and are 
present in larger numbers anterior to rather than posterior to the ovary. Twenty specimens 
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identified as H. pambanensis were examined from Queensland waters. These specimens 
were on average longer than reported for H. mehrai by Cribb and Gordon (1998) (mean 
7.06 vs 5.89 mm, Table 2.3), with a correspondingly longer oesophagus (mean 633 vs 401 
µm). They are similar in width to those reported by Rao (1976) (0.43–0.97 vs 0.69–0.92 
mm), however, have a smaller oral sucker. No other notable differences were observed. 
Measurements of other major morphological features are provided in Table 2.3. 
 
Five Hawaiian specimens were examined (Table 2.3) and compared with the description 
of H. dorsopora by Dailey et al. (1993). The latter were reported as larger in most respects. 
However, Cribb and Gordon (1998) re-examined the type-material and found the actual 
measurements to be smaller than reported, and in accordance with the values reported 
here. Hawaiian specimens prepared and examined during this study were on average 
smaller than those from Queensland waters (Table 2.3), with an average length of 6.08 
mm, however, no notable structural differences were detected. 
2.4.3.2.2 Molecular characteristics 
Eight ITS2 sequences and nine partial 28S sequences were obtained from specimens 
from off Queensland, along with two and four sequences respectively from Hawaiian 
samples (Table 2.1). All sequences for the two regions were identical. The 28S H. mehrai 
sequence available on GenBank (AY604708.1, sourced from Hawaii, USA) was also 
identical to the sequences from this study across the 893 compared positions. 
 
2.4.3.3 Hapalotrema synorchis Luhman, 1935 
Synonym: Hapalotrema orientalis Takeuti, 1942 
 
Type-host: Caretta caretta (Linnaeus). 
Type-locality: Tortugas, Florida, USA. 
 
New records 
Host: Eretmochelys imbricata (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Heart, vasculature of lungs and body cavity. 
New specimens deposited: QM G234573–G234581. 
Sequence data: KM652618 (ITS2); KM652622 (28S). 
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2.4.3.3.1 Remarks 
Hapalotrema synorchis was described from C. caretta in Florida by Luhman (1935) and 
has subsequently been reported from Queensland in C. caretta by Platt and Blair (1998). 
This species is distinguishable from other members of the genus using the same features 
described above for H. pambanensis. However, the testes form a compact mass as 
opposed to the distinct testes observed in H. pambanensis, and the intestinal bifurcation is 
located closer to the ventral sucker. Examination of nine specimens identified as H. 
synorchis from two Eretmochelys imbricata collected off southern Queensland (Table 2.1) 
revealed no notable morphological differences relative to the original description. Average 
length and width were slightly smaller in this study, and a greater length range was 
reported by Platt and Blair (1998). The width of the cirrus-sac was greater in the present 
study, whereas the dimensions of ovaries were smaller (Table 2.3). 
2.4.3.3.2 Molecular characteristics 
Four ITS2 sequences and five partial 28S sequences, all from turtles off the Queensland 
coast, were obtained for this species (Table 2.1). Neither region showed intraspecific 
variation. In maximum likelihood trees inferred for the ITS2 region, a sequence originally 
reported as being from H. pambanensis from C. caretta (GU937894.1; off Florida, USA) 
grouped with specimens of H. synorchis collected during this study. Personal 
communication with the author (Stacy 2008) of GU937894.1 regarding these results 
resulted in the voucher specimens associated with the sequence being re-examined, and 
the GenBank entry amended to appear as H. synorchis. The two species are strikingly 
similar in morphology. However, H. synorchis has been reported only from C. caretta and 
E. imbricata (Smith, 1997b), whereas H. pambanensis is commonly found in C. mydas as 
well as C. caretta and E. imbricata. 
 
2.4.4 Genus Learedius Price, 1934 
2.4.4.1 Learedius learedi Price, 1934  
Synonyms: Learedius europeaus Price, 1934 
Type-host: Chelonia mydas (Linnaeus). 
Type-locality: Washington DC, USA. 
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New records 
Host: Chelonia mydas (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Heart. 
New specimens deposited: QM G234582–G234599. 
Sequence data: KM652619 (ITS2 – QLD); KM652623 (28S – QLD); KM652625 (ITS2 – 
HI); KM652626 (28S – HI). 
2.4.4.1.1 Description 
[Based on ten specimens collected off Queensland (nine whole, one sectioned); 
measurements provided in Table 2.3.] Refer Figure 2.1. Body dorsoventrally flattened, 
elongate, constricted in mid-body, with width c.0.2–0.25 × length of body. Oral sucker 
terminal. Oesophagus long, sinuous, extends just anterior to mid-body constriction. 
Pharynx absent. Oesophageal bulb present at oesophageal/caecal junction. Caeca loop 
anteriorly after bifurcation and then extend to posterior end of body. Ventral sucker large, 
pedunculate, at level of mid-body constriction, slightly posterior to caecal bifurcation. 
Testes numerous, generally clearly distinct from each other, entirely anterior to ovary. 
External seminal vesicle between testes and ovary, transversely elongate. Cirrus-sac well 
developed; genital pore ventromedial and posterior to ovary. Ovary large and irregularly 
lobed; oviduct arises from right side of ovary. Vitelline follicles distributed from level of 
anterior caecal loop to posterior extremity of body; vitelline reservoir immediately posterior 
to genital pore; Laurer’s canal opening dorsally posterior to vitelline reservoir on right side. 
Single fusiform egg sometimes present.  
2.4.4.1.1 Remarks 
Learedius learedi was described by Price (1934) from a C. mydas that died at the National 
Zoological Park, Washington, USA. The source of the turtle was not recorded. Smith 
(1972, 1997a, 1997b) published reviews of the sanguinicolids and spirorchiids, and noted 
that five species of Learedius had been named. Of these, Price (1934) determined that L. 
europaeus Price, 1934 may be synonymous with L. learedi, and Mehra (1939) transferred 
L. similis Price, 1934 to the genus Monticellius Mehra, 1939. Learedius loochooensis 
Takeuti, 1942 differs from L. learedi only in the shape of ovary and cirrus-sac, while L. 
orientalis Mehra, 1939 was considered by Fischthal and Acholonu (1976) and Dyer et al. 
(1995a, 1995b) to also be potentially synonymous with L. learedi, differing only in testicular 
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position and form. Based on these reports, it appears possible that only one species of 
Learedius, L. learedi, should be recognised.  
 
Flukes identified as belonging to the genus Learedius have been previously reported from 
off northern Queensland C. mydas by Glazebrook et al. (1989) but no attempt was made 
to identify the species. No detailed morphological characterisation of any Learedius spp. 
from the west Pacific/Oceania region has been published, therefore a description has been 
provided here. 
 
Measurements from the ten specimens examined here from Queensland waters (Table 
2.3) did not differ significantly from those reported by Price (1934). The specimens 
resemble the description of L. learedi from off Mexico (Pacific Ocean), published by 
Inohuye-Rivera et al. (2004), but are smaller in most dimensions (Table 2.3). No 
significant variations in form were noted in the nine Hawaiian specimens relative to those 
from Queensland waters, however, Hawaiian specimens were generally larger (Table 2.3). 
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Figure 2.1 Learedius learedi. Adult, ventral view, collected from the heart of Chelonia mydas at Badu Island, 
Queensland (QM226104). Scale-bar, 1 mm 
 
2.4.4.1.2 Molecular characteristics 
Seven ITS2 and seven partial 28S sequences (two and five from specimens collected off 
Queensland and Hawaii, respectively) were obtained for this species (Table 2.1). One 
base difference (supported by a strong clear peak on the chromatogram) was noted in one 
of the ITS2 sequences from Queensland waters; all other sequences were identical across 
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the 259 positions examined. Sequences were compared with those published by Stacy 
(2008), who identified two ITS2 variants among 45 sequences for L. learedi. Stacy (2008) 
Variant A (GenBank accession GU937892.1) was associated with specimens from off 
Florida and the Caribbean and showed differences in two positions relative to sequences 
from this study. Variant B (Stacy, 2008) was found in all Hawaiian specimens sequenced 
by Stacy, as well as several from off Florida. It was identical to this study’s sequences from 
off Hawaii, whereas all sequences from specimens from Queensland waters differed from 
it by a single base. Eight hundred and ninety-three positions within the 28S were 
examined, with one difference found in a sequence from a specimen off Queensland and 
one in a sequence from a specimen off Hawaii. The GenBank sequence AY604707.1, also 
originating from off Hawaii, showed one further difference relative to these sequences. 
 
2.4.5 Genus Neospirorchis Price, 1934 
2.4.5.1 Unidentified species 
New records 
Host: Chelonia mydas (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Body cavity, brain, heart, lung. 
New specimens deposited: G235523 (Gen. 2), G235539 (-), G235541 (Gen. 1), G235542 
(Gen. 1), G235546 (Gen. 3), G235550 (-), G235551 (-), G235552 (-) 
Sequence data: ITS2: KM600079 (Gen. 1), KM600080 (Gen. 2), KM600081 (Gen. 3) 
    28S:  KM600072 (Gen. 1), KM600073 (Gen. 2), KM600074 (Gen. 3) 
2.4.5.1.1 Remarks 
The Genus Neospirorchis and its type species, N. schistosomatoides Price, 1934, were 
proposed for specimens collected from the visceral blood vessels of a C. mydas that died 
in a Washington DC (USA) zoo (as per L. learedi). Since then, only one further species 
has been described. Neospirorchis pricei Manter & Larson, 1950 was recovered from the 
heart of a C. caretta from Florida, USA (Manter and Larson, 1950). Although microscopic 
flukes superficially consistent with Neospirorchis spp. have been reported in Australia 
(Gordon et al., 1998), no formal reports of either of the described species have been 
made. Unfortunately, despite extensive searches only a small number of adult flukes were 
found during this survey, and all were in poor condition. Definitive species level 
identifications based on morphology were therefore not possible.  
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2.4.5.1.2 Molecular characteristics 
In total, 6 sequences each of the ITS2 and partial 28S were obtained from different 
individual parasites from this genus. Comparison of the ITS2 indicated two distinct 
genotypes, each represented by three individuals. These two genotypes differed from 
each other by 30 out of 302 compared bases (89.9% similarity); sequences within each 
genotype were 100% identical. When compared with sequences for N. schistosomatoides 
(Stacy, 2008), a total of 15 (95.0% similarity) and 25 (91.7% similarity) base differences 
were observed for Genotypes 1 and 2 respectively. N. pricei (Stacy, 2008) had 31 (89.7%) 
and 20 (93.4%) differences relative to the Australian samples. 
 
Six hundred and fifty-four bases from the 28S were compared, and two main genotypes 
were again indicated. The two genotypes showed no intra-typic variation, and differed from 
each other by 36 bases (94.5% similarity). However, a third genotype was indicated by 
one sequence (correlated with Genotype 1 based on ITS2 sequences).  This sequence 
had 76 of 673 (88.7%) and 83 of 654 (87.9%) base differences respectively when 
compared to Genotypes 1 and 2.  
 
2.4.6 Genus Carettacola Manter and Larson, 1950 
2.4.6.1 Background 
The genus Carettacola was erected by Manter and Larson (Manter and Larson, 1950) for 
C. bipora Manter & Larson, 1950, which was described from the intestinal washings (most 
likely having been evacuated from a blood vessel) of a C. caretta from Tortugas, Florida 
(USA). Since then, two further species have been described, both from Chelonia mydas; 
C. stunkardi from Baja California (Mexico) (Martin and Bamberger, 1952), and C. 
hawaiiensis from Hawaii (Dailey et al., 1991). No formal reports of any of these three 
species within Australia or the western Pacific have been made to date. This study 
collected a number of specimens identifiable as Carettacola, however, the poor quality of 
some specimens precluded a definitive species identification. One species, Carettacola 
hawaiiensis, was identified and is discussed in Section 2.4.6.2. In total, 8 sequences were 
collected for the ITS2, along with 7 partial 28S sequences. 
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2.4.6.2 Carettacola hawaiiensis Dailey, Fast & Balazs, 1991  
Type-host: Chelonia mydas (Linnaeus). 
Type-locality: Kaneohe Bay, Oahu, Hawaii. 
 
New records 
Host: Chelonia mydas (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Body cavity, heart, liver, pancreas/mesentery. 
New specimens deposited:  G235524, G235528, G235529, G235530, G235533, G235534 
Sequence data: ITS2: KM600075. 28S:  KM600068. 
2.4.6.2.1 Description 
[Based on five specimens collected off Queensland (two whole, three sectioned); 
measurements provided in Table 2.3.] Body dorsoventrally flattened, elongate; width 
largely uniform, 0.04-0.07 x length of body, gently tapering at both ends. Oral sucker 
terminal. Oesophagus long, sinuous, becoming wider anterior to caecal bifurcation. 
Pharynx absent. Intestinal caeca continue laterally to near posterior end of body. Ventral 
sucker located slightly posterior to caecal bifurcation. External seminal vesicle ovoid, 
located immediately posterior to ventral sucker. Cirrus-sac well developed, located 
between external seminal vesicle and ovary, slightly larger than ovary. Ovary large, 
reniform, positioned dextrally. Large, single egg with polar process often present in uterus. 
Vitelline reservoir cuneate, oriented sinistrally and immediately posterior to ovary. Vitellaria 
ventral to caeca, distributed from vitelline reservoir to ends of caeca. Testes numerous (38 
– 42), post-ovarian, closely packed but well defined, often arranged in alternating fashion 
(sinistral/dextral) and occupying approximately the posterior two thirds of the body. Y-
shaped excretory vesicle extending from posterior terminus. 
 
2.4.6.2.2 Remarks  
Carettacola hawaiiensis was described from Hawaiian C. mydas by Dailey et al. (1991). To 
date, it has not been formally reported from Australia. It is distinguished from the type 
species, C. bipora, primarily by the positioning of the vitellaria (i.e. ventral to intestinal 
caeca c.f. dorsal). Specimens here were generally smaller than described from Hawaii, 
which was also observed for L. learedi and H. pambanensis. However, only a small 
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number of C. hawaiiensis samples were examined here and this may not have allowed for 
a comprehensive comparison. 
2.4.6.2.3 Molecular characteristics  
In total, 5 sequences were collected for the ITS2, along with 5 partial 28S sequences. For 
both regions sequences were identical. 28S sequences were a close match with C. 
hawaiiensis collected from Hawaii (AY604709); no ITS2 sequences for this species were 
available in Genbank.  
 
2.4.6.3 Unidentified species 
New records 
Host: Chelonia mydas (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: See Table 2.1. 
 
New specimens deposited: G235540 (Gen. 1), G235543 - G235545 (Gen. 2) 
Sequence data: ITS2: KM600075 (Gen. 1), KM600077 (Gen. 2) 28S: KM600069 (Gen. 1), 
KM600070 (Gen. 2) 
 
2.4.6.3.1 Remarks 
One and two specimen/s were mounted for Genotypes 1 and 2 respectively, however the 
quality of the specimens precluded detailed description. 
2.4.6.3.2 Molecular characteristics  
One 28S sequence was obtained for Genotype 1. It differed from that of C. hawaiiensis in 
5/734 bases (99.3% similarity). One further sequence (Genotype 2) differed by 14/724 
bases (98.1%). 
 
These sequences also showed variance in the ITS2; Genotype 1 was found to have 5 
base variations (98.3% similarity), and Genotype 2 had 15 (95.0%) when compared with 
C. hawaiiensis.  
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2.4.7 Other Spirorchiids 
New records 
Host: Chelonia mydas (Linnaeus). 
Localities: See Table 2.1. 
Sites in host: Body cavity. 
New specimens deposited: None. 
Sequence data:  KM600078 (ITS2); KM600071 (28S). 
2.4.7.1 Unknown genus 
2.4.7.1.1 Remarks  
One specimen, initially identified as a probable Carettacola specimen, was collected from 
the body cavity of a C. mydas. Unfortunately, the specimen was in poor condition and was 
therefore used only for molecular analysis. 
2.4.7.1.2 Molecular characteristics 
Both 28S and ITS2 sequences were obtained for this specimen. In the ITS2, 77 
differences of 302 compared bases (74.5% similarity) were observed when compared with 
C. hawaiiensis, and 85 (71.9% similarity) when compared with C. bipora. No 28S 
sequence was available for C. bipora, however, the novel spirorchiid differed from C. 
hawaiiensis by 86/629 (86.3% similarity) compared bases.   
 
2.4.8 Phylogenetic relationships 
After alignment of sequences, 277 nucleotide positions were available for analysis from 
the ITS2 region and 637 from the 28S. Maximum likelihood analysis of datasets for both 
regions produced trees of similar topology (Figures 2.2 and 2.3). Species of Hapalotrema 
and L. learedi formed a monophyletic clade in which L. learedi was nested among species 
of Hapalotrema in both analyses. The positioning of L. learedi among the Hapalotrema 
species was supported by bootstrap values of 65 and 100 respectively, while the 
placement of L. learedi as sister to H. pambanensis/H. synorchis was supported by values 
of 79 and 94. 
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Figure 2.2 Maximum likelihood analysis of the relationships of spirorchiids based on the ITS2 region. 
Sequences from off Florida are sourced from Stacy (2008). Sequences for L. learedi from off 
Florida/Caribbean and Hawaii/Florida correspond with two genotypes, Variants A and B (as identified by 
Stacy (2008)), respectively. Numbers in parentheses denote the number of replicates where applicable. 
Scale-bar indicates the number of nucleotide substitutions per site. Abbreviations: QLD, Queensland; HI, 
Hawaii; FL, Florida; CAR, Caribbean.  
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Figure 2.3 Maximum likelihood analysis of the relationships of spirorchiids based on the 28S rDNA region. 
Sequences from Florida sourced from Stacy (2008). Numbers in parentheses denote the number of 
replicates where applicable. Scale-bar indicates the number of nucleotide substitutions per site. 
Abbreviations: QLD, Queensland; HI, Hawaii; FL, Florida. 
 
 
Carettacola and Neospirorchis genotypes clustered together within well supported clades 
for each genus. The unidentified spirorchiid sp. (QLD) fell between the Carettacola and 
Hapalotrema/Learedius clades. Further investigation of this genotype, including 
examination of the morphology of further specimens, will be required to resolve its true 
identity. 
 
2.5 Discussion 
2.5.3 Taxonomy 
This study found evidence for the presence of three species of Hapalotrema and one of 
Learedius in Queensland waters. All four species match previously published descriptions 
in terms of morphology. In some cases, slight differences in morphometric data were noted 
between geographical regions. 
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Little or no genetic variation was observed between morphologically identified species 
from separate geographical regions in most cases. ITS2 and 28S sequences from Pacific 
H. pambanensis showed no variation. However, the ITS2 region of H. postorchis showed a 
relatively high level of variation between the samples from Pacific and Atlantic oceans. A 
total of six bases (2.3%) differed between sequences from the Pacific Ocean (west, off 
Queensland; east, off Hawaii) and the North West Atlantic Ocean/Caribbean, resulting in 
the formation of two clades representing these two oceanic regions. Stacy (2008) also 
found evidence of two distinct ITS2 and mitochondrial cytochrome c oxidase I (Cox1) 
genotypes within H. postorchis, representing samples from off Hawaii and the North West 
Atlantic/Caribbean region. The results shown here support these findings and extend the 
data to include sequences from the Western Pacific. 
 
Although L. learedi also demonstrated some variation in the ITS2 between the two oceanic 
regions, it was at a lower level than observed for H. postorchis (2 bases, 0.77%). 
Comparable levels of variation were seen between sequences for H. synorchis sampled 
from off Queensland and Florida (QU937894.1). Stacy (2008) observed two genetic 
variants of L. learedi; however, while variant A was restricted to the Atlantic region, variant 
B was found in both the Pacific and Atlantic Oceans, suggesting that a clear geographical 
boundary between genotypes does not exist in this species.  
 
The variation discussed above may be indicative of the presence of multiple cryptic 
species (particularly in H. postorchis), or alternatively may be interpreted as intraspecific 
geographical variation. Nolan and Cribb (2005) discussed the use of the ITS2 rDNA region 
in taxonomic analyses and noted that intraspecific variation in this region is often low or 
absent. The use of generic “yardstick” levels of genetic variation to determine speciation 
across the Trematoda is inappropriate, given that the level of intraspecific molecular 
variation is likely to be variable between taxa (Nolan and Cribb, 2005). However, 
comparison with levels of genetic variation among similar species may be useful when 
determining whether separate species should be recognised (Bray and Cribb, 2015), in 
conjunction with morphological and biological data (Nolan and Cribb, 2005). The level of 
variation observed in H. postorchis between geographical regions is greater than that 
observed in other species of the same genus in this study (e.g. H. pambanensis) and thus 
indicates the presence of two cryptic species or subspecies. 
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The geographical distribution of host species plays an important role in the exchange of 
genetic information among parasites (Hoberg and Adams, 2000; Hoberg and Klassen 
2002), and subsequent potential for speciation. Although the species of marine turtles 
studied here generally have a cosmopolitan distribution and are known to range over 
thousands of kilometres (Limpus, 2008a, b, c), the geographical barrier of the Americas is 
likely to prevent significant mixing of Pacific and Atlantic turtle populations (Bowen and 
Karl, 2007; Bowen et al., 1992). As a result, the potential exists for divergence among 
parasites of turtles from these two regions. In many cases, genetically identified cryptic 
species may be separated a posteriori by detailed morphological re-examination (Bray and 
Cribb, 2015). To date, no detailed morphological description of Atlantic specimens of H. 
postorchis has been published, so it is not yet possible to assess morphological variation 
in specimens from the two regions. One description of L. learedi from the Atlantic Ocean is 
available (Werneck et al., 2014). This study from off Brazil reported no notable differences 
between the Atlantic specimens and descriptions published from the east Pacific (off 
Mexico), excepting a slightly longer cirrus-sac. Further fine scale morphological studies will 
be required in order to properly investigate the possibility of the presence of cryptic 
species assemblages. 
 
Specimens from the genera Neospirorchis and Carettacola were also collected during this 
study. The number of described species to date for these genera is two and three 
respectively, and to date no species level reports have been made from Australia or the 
western Pacific. The current suite of described species is likely to be an under-
representation of the true diversity of these genera. Stacy (2008) detected 20 genotypes of 
Neospirorchis within turtles from Florida, many with evident microhabitat and host 
tropisms, however, only one genotype/species of Carettacola was found (C. bipora). Only 
five Carettacola samples from one host species were sequenced, slightly fewer than this 
study; however, more molecular diversity was observed among the samples collected from 
QLD C. mydas than FL C. caretta. The number of Neospirorchis samples examined in this 
study was fewer than in the Stacy (2008) study, and these samples were collected only 
from one host species (as compared with four). However, evidence of diversity beyond 
currently described species was found, and no genotypes from the present study closely 
matched sequences for N. pricei or N. schistosomatoides. Finally, an apparently novel 
spirorchiid was detected. Sequences from this specimen did not form a clade with any 
other sequences collected in this study, or those available in databases or the published 
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literature. Further molecular studies incorporating other host species and egg samples 
would likely reveal further genotypes. 
 
A major difficulty in identifying spirorchiids, most notably species of Neospirorchis, stems 
from their microscopic and fragile nature coupled with their apparent predilection for small 
blood vessels. They are therefore difficult to a) locate and b) collect and prepare for 
mounting without significant damage. Molecular techniques are an essential tool in the 
investigation of such parasites, and as they are embraced in spirorchiid investigation it is 
likely we will observe a dramatic expansion in the number of recognised Neospirorchis 
species and variants. 
2.5.4 Phylogeny 
An unexpected finding of the phylogenetic analysis was the nesting of L. learedi among 
species of Hapalotrema. Learedius learedi bears similarity in overall form to species of 
Hapalotrema, being of comparable overall shape and size. Previous studies (Byrd, 1939; 
Platt, 2002; Price, 1934) separate Learedius from Hapalotrema primarily on the presence 
(Hapalotrema) or absence (Learedius) of testes posterior to the ovary. Beyond this, 
morphological differences appear minor. The ova of the members of the two genera are 
reportedly morphologically indistinguishable (Wolke et al., 1982) and species of both 
genera are found primarily in the heart and associated major vessels. All reports in recent 
years identify species of Learedius as L. learedi rather than any of the four other named 
Learedius spp. (Aguirre et al., 1998; Chen et al., 2012; Cordero-Tapia A et al., 2004; 
Santoro et al., 2006; Santoro et al., 2007; Stacy et al., 2010a; Werneck et al., 2006), none 
of which have been reported since 1981 (Gupta and Mehrotra, 1981). Poor sample quality 
and quantity is a common problem when working with spirorchiids as samples are often 
collected opportunistically from dead turtles. As a result, morphological subtleties can be 
difficult to recognise. Learedius learedi may prove to be the only valid species in this 
genus, but it is also possible that multiple species will be recognised eventually. 
Regardless, as L. learedi represents the type-species of the genus, the phylogenetic 
information provided here suggests that the genus is synonymous with Hapalotrema 
species. It is anticipated that further analyses (e.g. Bayesian inference), incorporating the 
remaining species of Hapalotrema as sequence data for more genes becomes available, 
may lead to Learedius becoming a junior synonym of Hapalotrema. Similarly, the 
sequence representing Amphiorchis sp. was nested among the Hapalotrema. Amphiorchis 
Price, 1934 may also contain a number of synonymous species, and will require further 
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examination to ascertain the true richness and phylogenetic position of the genus. The 
exploration of different molecular markers is likely be of benefit in answering these 
phylogenetic questions. In particular, mitochondrial genes such as cytochrome oxidase 1 
(cox1) have been underutilised in investigation of the Spirorchiidae, and are potentially 
informative in terms of intraspecific variation, cryptic speciation and geographic variation 
(Le et al., 2000). 
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Chapter 3 Terminal restriction fragment length polymorphism for the 
identification of spirorchiid ova in tissues from the green sea turtle, Chelonia mydas 
This chapter published as: 
 
Chapman P.A., Traub R.J., Kyaw-Tanner M.T., Owen H., Flint M., Cribb T.H., Mills P.C. 
2016. Terminal restriction fragment length polymorphism for the identification of spirorchiid 
ova in tissues from the green sea turtle, Chelonia mydas. PLoS ONE 11:e0162114 
 
3.1 Abstract 
Blood flukes are among the most common disease causing pathogens infecting 
vertebrates, including humans and some of the world's most globally endangered fauna. 
Spirorchiid blood flukes are parasites of marine turtles, and are associated with pathology, 
strandings and mortalities worldwide. Their ova embolise in tissues and incite significant 
inflammatory responses, however, attempts to draw correlations between species and 
lesions are frustrated by difficulties in identifying ova beyond the genus level. In this study, 
a newly developed terminal restriction fragment length polymorphism (T-RFLP) method 
was validated as a tool for differentiating between mixed spirorchiid ova in turtle tissue. 
Initially, a multiplex PCR was used to differentiate between the five genera of spirorchiid 
flukes. Following this, PCR was performed using genus/genera-specific fluorescently 
tagged primer pairs and PCR products digested analysis using restriction endonucleases. 
Using capillary electrophoresis, this T-RFLP method could differentiate between twelve 
species and genotypes of spirorchiid flukes in turtles. It was applied to 151 tissue samples 
and successfully identified the spirorchiid species present. It was found to be more 
sensitive than visual diagnosis, detecting infections in 28/32 tissues that were negative on 
histology. Spirorchiids were present in 96.7% of tissues tested, with Neospirorchis 
Genotype 2 being the most prevalent, present in 93% of samples. Mixed infections were 
common, being present in 60.7% of samples tested. The method described here is, to our 
knowledge, the first use of the T-RFLP technique on host tissues or in an animal ecology 
context, and describes a significant advancement in the clinical capacity to diagnose a 
common cause of illness in our environment. It is proven as a sensitive, specific and cost-
efficient means of identifying spirorchiid flukes and ova in turtles, with the potential to 
contribute valuable information to epidemiological and pathological studies as well as 
future diagnostics for this poorly understood disease.         
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3.2 Introduction 
Blood flukes of the family Spirorchiidae are parasites commonly found in endangered 
green sea turtles (Chelonia mydas) from all the major ocean regions (Greiner, 2013; 
Smith, 1997a, b). They are associated with a range of pathologies, and are thought to be a 
factor in strandings and mortalities worldwide (Aguirre et al., 1998; Flint et al., 2010; 
Gordon et al., 1998; Santoro et al., 2007; Stacy et al., 2010a). However, the link between 
the pathology and the inciting species of spirorchiid has yet to be fully explored. Based on 
the identification of adult flukes, correlations with gross pathology have been reported. For 
example, members of the genera Hapalotrema and Learedius are frequently described 
from the heart and major arteries, where they are associated with endarteritis, 
endocarditis, and formation of thrombi (Chen et al., 2012; Flint et al., 2010; Glazebrook 
and Campbell, 1982, 1990; Glazebrook et al., 1981, 1989; Gordon et al., 1998; Santoro et 
al., 2007; Stacy et al., 2010a). Species of Neospirorchis have been associated with 
neurological disturbance and disruption of brain tissue integrity (Flint et al., 2010; 
Jacobson et al., 2006) although the factors leading to clinical disease have yet to be fully 
explored. To date, two species of Neospirorchis are recognised, and four of Hapalotrema. 
Five species of Learedius have been described, however, available evidence suggests 
that all are likely to be synonymous with L. learedi (Chapman et al., 2015). Three species 
of Carettacola, five of Amphiorchis and one species within the genus Monticellius are 
reported from C. mydas in the literature, though these genera appear to occur at a lower 
prevalence and their pathogenic affects are less clear.  
 
Spirorchiid ova are often observed histologically in turtle tissues, where they embolise and 
trigger significant inflammatory responses (Flint et al., 2010; Stacy et al., 2010a). 
Granulomatous inflammation of varying severity is commonly observed in all organs, and 
may lead to impaired function and potential death of the host (Flint et al., 2010; Jacobson 
et al., 2006). However, the relative pathogenicity of ova of different species is unclear. 
Spirorchiid ova fall into three broad morphological categories (Wolke et al., 1982) each of 
which are typical of one or more genera. Identification of ova beyond the genus level is 
impracticable due to a lack of readily identifiable differentiating features (Stacy et al., 
2010a; Wolke et al., 1982). Molecular methods have the capacity to overcome these 
limitations and allow further investigation of site tropisms and pathogenicity of individual 
spirorchiid species.  
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Terminal restriction fragment length polymorphism (T-RFLP) analysis, a fluorescence 
based PCR and restriction digestion method, was originally developed to analyse complex 
microbial communities in environmental samples (Marsh, 1999). Based on the premise of 
restriction digestion, where enzymes are used to cleave amplicons at polymorphism sites 
resulting in unique fragment assemblages on gel electrophoresis, T-RFLP presents a 
number of advantages over traditional PCR-RFLP. The addition of a fluorescent tag on 
one primer enables the terminal fragment to be detected using capillary electrophoresis, 
offering precise fragment size determination, increased sensitivity and improved 
throughput capability (Marsh, 1999). In recent years, the application of this method has 
expanded into the parasitology field, with T-RFLP assays being developed for Giardia 
(Asher et al., 2012) and Cryptosporidium (Waldron et al., 2009) infections in humans, 
where they were found to be accurate and efficient in terms of both cost and time. 
 
This paper describes a multiplex PCR T-RFLP method that can be used to accurately 
identify spirorchiid ova in the tissues of green sea turtles, as it is common for multiple 
species infections to be present. It is anticipated that the T-RFLP will ultimately assist in 
investigating the epidemiology and pathology of spirorchiidiasis in green sea turtle 
populations.    
 
3.3 Materials and Methods 
3.3.1 Collection of reference material 
Necropsies were undertaken on dead green sea turtles obtained through wildlife 
rehabilitation facilities including Underwater World (Mooloolaba) and Australia Zoo 
(Beerwah) and government agencies (Queensland Parks and Wildlife Service – QPWS) 
between 2011 and 2014. Adult flukes were collected and identified using morphological 
and molecular methods as described by Chapman et al. (2015). Samples of various turtle 
tissues containing spirorchiid ova were also collected and stored in 70% ethanol at 4 °C.  
 
Literature searches were conducted to identify any further described species that may 
occur in the local area. Reference sequences were obtained from Genbank, and were also 
provided by the Wildlife and Aquatic Veterinary Disease Laboratory (WAVDL) at the 
University of Florida.  
62 
 
3.3.2 Ethics statement 
All turtles involved in this study were found dead, died shortly after stranding, or were 
euthanised on humane grounds after veterinary evaluation at rehabilitation facilities. 
Euthanasia was performed by veterinarians using intravenous injection of pentobarbital. 
While no turtles were euthanized specifically for the purposes of this research, all work 
was completed under approval no. SVS/037/11/ARC/DERM/AUSTZOO issued by the 
University of Queensland Animal Ethics Committee. Queensland State Government 
approval to undertake marine research activities was granted through Marine Parks permit 
no. QS2011/CVL1414 and Scientific Purposes Permit no. WISP09021911. 
3.3.3 Extraction of DNA from tissues 
DNA was extracted from turtle tissues containing spirorchiid ova using the DNeasy Blood 
and Tissue kit (Qiagen, Hilden, GER). Procedure was as per the manufacturer’s 
instructions, except that the samples were homogenised using 1 g of 0.5 mm 
Zirconia/Silica beads (Daintree Scientific, Tasmania, Australia) in a Biospec Mini-
Beadbeater for 3 minutes followed by the incubation step. AL buffer (200 µl) was then 
added to the supernatant and extraction continued as per DNeasy kit instructions. DNA 
was eluted in 100 µL buffer AE. 
3.3.4 Multiplex PCR amplification 
Primers were designed by aligning available spirorchiid 28S rDNA sequences. A specific 
forward primer was designed for each of Carettacola (CarF1) and Neospirorchis (NeoF1), 
as well as a third for Hapalotrema, Learedius and Amphiorchis combined (HapF1). A 
universal reverse primer (SMR1) was designed, with the resulting amplicons predicted to 
be of unique sizes distinguishable by gel electrophoresis. Primer details are provided in 
Table 3.1. 
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Table 3.1 Primers designed to target the 28S regions of spirorchiid genera, and 18S 
Eukaryote primers used as controls to validate DNA quality where negative results for 
spirorchiids were obtained.  
Target genera Primer (5’ – 3’) Approx. 
product size 
6-FAM 
tag (2nd 
round) 
Hapalotrema HapF1 CC TTG GGG TTG GTA TGT GTG 443 N 
Learedius 
Amphiorchis 
Carettacola CarF1 TA AGC GTG GTT TGC GCT CG 510 Y 
Neospirorchis NeoF1 AG ATC AGT GCA GTG CGT CG 228 Y 
Universal Rev SMR1 GT TAA ACT CCT TGG TCC GTG - Y * 
Eukaryote Fwd 18SEUDIR TCT GCC CTA TCA ACT TTC GAT GG 140 n/a 
Eukaryote Rev 18SEUINV TAA TTT GCG CGC CTG CTG -  
* denotes 6-FAM tag when paired with HapFI only. 
 
Primer pairs were tested individually against DNA from all available spirorchiid species to 
ensure specific amplification of a single band of the correct size. To estimate the range of 
detection of the primer pairs, amplification of 10-fold dilutions of pure genomic DNA from 
Hapalotrema, Learedius, Amphiorchis, Carettacola and Neospirorchis was performed. 
Trials were subsequently run on tissues collected from turtles diagnosed with spirorchiid 
infection.  
 
PCR was carried out using 200 µM of each dNTP (Bioline – Eveleigh, New South Wales, 
Australia), 1 x PCR buffer (Qiagen) including 1.5mM MgCl2, additional MgCl2 to bring the 
final concentration to 2.5mM, 1 µM of each primer, 1.25 units HotStar Taq (Qiagen) and 
approximately 100 ng template DNA, with nuclease free water making up a final reaction 
volume of 25 µL. Cycling conditions comprised an initial activation step of 94 °C for 5 
minutes, followed by 40 cycles of 94 °C for 30 seconds, 57 °C for 30 seconds and 72°C for 
2 minutes with a final extension step of 72 °C for 10 minutes. Five µl of PCR product were 
run in a 2% agarose gel stained using SYBR Safe (Life Technologies Pty Ltd, Grand 
Island, New York, USA) and visualised using a Bio-rad Gel Doc XR. 
 
Tissue samples returning a negative result for the multiplex PCR were assessed for 
presence of amplifiable DNA using universal eukaryote 18S gene primers (Fajardo et al., 
2008) (Table 3.1). This PCR comprised 100 µM of each dNTP (Bioline), 1 x Green GoTaq 
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Reaction buffer (Promega – Madison, Wisconsin, USA) including 1.5mM MgCl2, additional 
MgCl2 to bring the final concentration to 3 mM, 0.4 µM of each primer, 0.5 units GoTaq 
(Promega) and approximately 100 ng template DNA with nuclease free water making up a 
final reaction volume of 25 µL. Cycling consisted of an initial activation step of 95 °C for 3 
minutes, followed by 35 cycles of 94 °C for 15 seconds, 60 °C for 15 seconds and 72°C for 
15 seconds, with a final extension step of 72 °C for 2 minutes. Gel electrophoresis was 
carried out using the same procedure as for the multiplex PCR. Samples that failed to 
amplify were discarded from the analysis. 
 
3.3.5 Terminal Restriction Fragment Length Polymorphism 
A second round of PCR was performed using single genus-specific primer pairs as 
indicated by the results of the initial multiplex round. For each reaction, the 5’ end of one 
primer was labelled with fluorescent 6-FAM dye (Table 3.2). The PCR reactions and 
cycling conditions were identical to those described for the first round, except that 
additional MgCl2 was excluded and replaced by an equivalent volume of nuclease-free 
water. 
 
The digestion patterns of various restriction endonucleases were predicted using the 
NEBcutter 2.0 online tool (New England Biosystems, Massachusetts, US). Details of 
endonucleases used and predicted product sizes are given in Table 3.2. Reactions were 
carried out in a total volume of 25 µL, comprising 0.5 µL of restriction endonuclease (New 
England Biosystems, Massachusetts, US), 2.5 µL CutSmart buffer (New England 
Biosystems, Massachusetts, US), and 2.5 µL of PCR product with the remainder made up 
of nuclease free water. Digestions were performed in a thermal cycler for 15 minutes at 37 
°C. Where possible, endonucleases were combined into a double digest to improve 
efficiency (Table 3.2), in which case the reaction contained a total of 1 µL enzyme (0.5 µL 
x 2), with water volume adjusted accordingly. 
 
To test the ability of the assay to accurately differentiate species in mixed infections, and 
to determine the lower detection limit, mixtures of DNA were prepared at decreasing ratios 
for each species and used with the relevant primer pair. Dilutions were made to equal 
ratios, 1 in 5, 1 in 10 and 1 in 20. 
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Table 3.2 Restriction enzymes used to identify each species/genotype following 
amplification with relevant primer pairs, with predicted 5’ fragment sizes.  
 AvaI* MnlI BcoDI# Hpy99I# AccI HaeIII 
H. postorchis KM652621.1 443 403 101 443 - - 
H. pambanensis KM652624.1 442 126 442 442 - - 
H. synorchis KM652622.1 442 403 443 409 - - 
H. mistroides KU892016 443 164 443 443 - - 
L. learedi KM652623.1 359 443 443 443 - - 
Amphiorchis sp. KU892017 265 445 445 445 - - 
C. hawaiiensis/Gen 1 
KU600068.1 – 69.1  
- - - - 462/463 - 
Carettacola sp. Gen. 2 
KU600070.1 
- - - - 180 - 
Neospirorchis sp. Gen. 1 
KU600072.1 
- - - - - 68 
Neospirorchis sp. Gen. 2 
KU600073.1 
- - - - - 158 
Neospirorchis sp. Gen. 3 
KU600074.1 
- - - - - 109 
* and # denote enzyme pairings for double digests. 
 
Capillary electrophoresis of digestion products was undertaken by the Animal Genetics 
Laboratory (AGL) within the School of Veterinary Science, The University of Queensland 
Gatton Campus. One microliter of sample was diluted 10 fold using nuclease free water 
and analysed using the Applied Biosystems 3130 Genetic Analyzer. Results were 
visualised using GeneMapper software (version 5 - Applied Biosystems, California, USA) 
 
3.4 Results 
Turtles were obtained from various locations on the Queensland coast between Gladstone 
and Moreton Bay. On the basis of morphology, two species of Hapalotrema (H. 
pambanensis, H. postorchis) and one species of Learedius (L. learedi) were identified from 
examination of 43 C. mydas. Three distinct genotypes of Neospirorchis were detected; 
these were unable to be characterised morphologically due to difficulty in collecting intact 
specimens. Three genotypes of Carettacola were found, the most prevalent of which was 
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identified as C. hawaiiensis. Carettacola Genotype 1 was only detected from one 
specimen, and was sufficiently similar to C. hawaiiensis to be considered a potential 
variant, whereas Genotype 2 was treated as a separate species, with a restriction 
endonuclease selected to differentiate it from the former two. 
 
Necropsies of other turtle species indicated the presence of H. synorchis in the region; 
while this species has not been reported from C. mydas to date, it was considered to 
warrant inclusion in the T-RFLP assay. Hapalotrema mistroides and Amphiorchis spp., 
while not reported from the locality to date, were considered possible occurrences and 
were also included in T-RFLP design. Sequences for H. mistroides and an unidentified 
Amphiorchis were provided by the WAVDL at the University of Florida, USA. A final genus, 
Monticellius, has not been reported to date from the Pacific Ocean; no material was 
available for sequencing and no sequences were available in Genbank. Genbank 
accession numbers for sequences utilised in the assay design are provided in Table 3.2. 
 
The three primer pairs were initially trialled as single pairs, and subsequently as a 
multiplex assay. All successfully amplified their respective target templates, and no cross 
reactivity to non-target genera was observed. Lowest multiplex detection levels achieved 
from serial dilutions alongside non-target template DNA were 0.11 pg (HapF1/SMR1), 8.70 
pg (CarFI/SMR1) and 1.17 pg (NeoF1/SMR1) of DNA.  
All enzymes successfully produced fragments of the predicted size when trialled on target 
amplicons. Proportional dilutions with multiple targets successfully detected DNA down to 
1 in 20 in most cases. Template mixes containing H. synorchis DNA alongside other target 
species resulted in the HapFI/SMR1 primer pair amplifying H. synorchis preferentially over 
other target species. For combinations of other species, both/all species were detectable.  
 
The T-RFLP was successful in diagnosing and characterising spirorchiids from 151 tissue 
samples collected from 43 central/southern Queensland C. mydas (Table 3.3). A total of 
153 samples were tested, with seven tissues failing to amplify any spirorchiid DNA on 
initial multiplex PCR. Of these, five samples which showed positive amplification of 
eukaryote 18S gene, indicating the integrity of DNA were therefore determined to be valid 
negative results. The results from the remaining two samples were discarded due to 
apparent poor DNA quality as shown by negative PCR results to eukaryote 18S gene. In 
total, only 3.3% of tissue samples tested returned validated negative results, indicating a 
high prevalence of spirorchiid infection across all turtles and tissues tested. 
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Table 3.3 Tissue samples tested by T-RFLP. Summaries of initial visual examination are given for each organ, including gross 
necropsy and histology findings.  
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No. samples 2 43 2 2 18 12 14 11 14 1 8 12 2 3 7 151 
No. examined -histology 0 31 1 0 8 9 9 8 10 0 5 7 0 3 6 97 
Ova observed - histology - 25 1 - 3 4 7 4 7 - 4 6 - 3 1 65 
Ova observed - gross 0 8 0 0 9 0 0 0 2 0 0 0 0 0 0 19 
Adult observed - gross 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Hapalotrema postorchis 0 5 0 1 6 3 3 4 3 0 4 6 0 1 2 38 
Hapalotrema pambanensis 1 8 1 1 5 4 2 3 3 0 4 7 0 2 2 43 
Hapalotrema synorchis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hapalotrema mistroides 0 0 0 1 0 0 0 1 3 0 0 3 0 0 2 10 
Learedius learedi 0 6 1 1 1 2 1 1 3 0 2 2 0 0 0 20 
Amphiorchis sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Hapalotrema  spp. (PCR only)* 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 2 
Carettacola hawaiiensis / Gen. 1 0 2 0 0 2 0 0 2 0 0 0 1 0 0 0 7 
Carettacola Gen. 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Carettacola spp. (PCR only) 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
Neospirorchis Gen. 1 0 13 1 0 3 5 6 2 4 0 4 3 1 1 3 46 
Neospirorchis Gen. 2 2 40 2 1 15 10 14 9 13 1 8 12 2 3 7 139 
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Neospirorchis Gen. 3 0 0 0 0 1 0 3 0 6 0 0 1 0 0 0 11 
Neospirorchis spp. (PCR only) 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 
No spirorchiids detected 0 1 0 0 1 0 0 2 1 0 0 0 0 0 0 5 
Columns headed with spirorchiid species/genotype names summarise T-RFLP results for each organ. Columns labelled ‘PCR only’ refer to positive PCR results where 
no subsequent T-RFLP result could be obtained. 
* refers to all genera within the Hapalotrema/Learedius/Amphiorchis group as targeted by the HapF1/SMR1 primer pair. 
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Of 97 tissues that were examined histologically, spirorchiid ova were observed in 65. All of 
these tissues also returned positive T-RFLP results. Thirty-two further tissues showed no 
histological evidence of spirorchiids; of these, only four returned a validated negative result 
on T-RFLP. Further, adult flukes were obtained from only two tissues during gross 
necropsy. Both tissues returned positive T-RFLP results for the relevant species. 
 
Ninety-one samples (60.7%) were found to have mixed infections of two or more 
spirorchiid species/genotypes. Most target genera and species were detected, with the 
exceptions of H. synorchis, Amphiorchis sp., and Carettacola Genotype 2. The most often 
detected species was Neospirorchis genotype 2, which was present in 93.3% of samples 
tested, and found in all tissue types. Neospirorchis Genotypes 1 and 3 were observed at 
lower frequencies (30.7% and 7.3% respectively). Neospirorchis Genotype 1 was also 
found in nearly all tissue types, while the third genotype was restricted to the 
gastrointestinal tract, kidneys, lung and spleen. Carettacola spp. occurred at a low 
prevalence and were detected in 9 of 151 samples (6%). Tissues returning positive results 
included the liver, gastrointestinal tract, spleen and brain. Of the 
Hapalotrema/Learedius/Amphiorchis group, H. postorchis (24.5%) and H. pambanensis 
(28.5%) were most common. Learedius learedi was detected regularly, being present in 
13.25% of samples. All three species were found across most tissue types. Hapalotrema 
mistroides was less common (6.6%) and appeared to have a more restricted distribution, 
only being noted in lung, spleen, thyroid and gall bladder samples. Hapalotrema synorchis 
and Amphiorchis sp. were not detected in any tissue. A more detailed analysis of relative 
prevalence, tissue tropisms and pathology associated with each species/genotype will be 
described in a subsequent publication.  
 
3.5 Discussion 
The T-RFLP method described herein has proven a cost-effective method for identifying 
spirorchiid ova in the tissues of C. mydas. Insufficient intra-genus variation exists within 
common sequencing regions for the Spirorchiidae (e.g. internal transcribed spacer 2, 28S) 
to allow the design of species-specific primers. In lieu of these, methods such as RFLP 
provide a simple and accessible alternative to resolving identities of spirorchiid ova where 
mixed infections are likely. To our knowledge, this is the first veterinary application of T-
RFLP methodology, and the first such assay designed to identify parasites directly in host 
tissue.  
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Traditionally, gross necropsy and histology have been the gold standard in spirorchiid 
detection but these methods have significant limitations. Spirorchiid ova are frequently not 
grossly observable in tissues except in cases of heavy deposition or granuloma formation. 
Some adult flukes are microscopic and become tightly lodged in small blood vessels, 
making them difficult to detect and recover (Gordon et al., 1998; Stacy et al., 2010a). 
Molecular approaches are not affected by these problems and therefore provide 
substantial advantages over visual detection methods. This assay was able to detect 
spirorchiids in 100% of histologically confirmed infected tissues, but, significantly, it was 
also able to detect infections in 28 of 32 tissues in which ova were not visually observed.  
 
This assay’s ability to differentiate between spirorchiid ova also presents many advantages 
to those seeking to understand spirorchiidiasis. Foremost, specific identification of ova 
allows correlations to be drawn between spirorchiid species and pathology. This 
information opens opportunities for targeted diagnostics; as spirorchiid infection is almost 
universal among marine turtles across the globe (Flint et al., 2010; Gordon et al., 1998; 
Stacy et al., 2010a), a generic spirorchiid diagnosis is generally of limited value. 
Additionally, the specific data obtained provides a cheap and rapid means to gain insights 
into geographic prevalence patterns among taxa, and also into broad and fine scale tissue 
predilections within the host. 
 
One further approach that could be considered in the validation of or in conjunction with 
such assays is the digestion of tissue samples and categorisation of eggs based on 
morphology. This would have several advantages, i.e. confirming PCR results to genus 
level, corroborating results on prevalence and tissue tropisms, and giving an indication of 
burden size. However, this approach cannot be used as a singular method of T-RFLP 
validation in this case due to the lack of features to differentiate eggs at a species level. 
 
Capillary electrophoresis facilities are commonplace in molecular service laboratories, and 
are therefore readily accessible in the majority of institutions. This method has the 
advantage of greater fragment resolution accuracy over gel electrophoresis, and can 
differentiate between fragments varying by only a few base pairs in size (Smith and 
Nelson, 2003). In addition, sensitivity and separation time is improved (Smith and Nelson, 
2003) compared with gel-based visualisation. Capillary electrophoresis therefore 
represents a cost and time efficient option for the visualisation of restriction products. 
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In this study, H. synorchis was found to amplify preferentially over other species targeted 
by the HapFI/SMR1 primer set. Selective amplification by primers is a recognised problem 
when handling mixed templates, and indeed was observed by Waldron et al. (2009)] who 
found that Cryptosporidium parvum was preferentially amplified over Cryptosporidium 
hominis. Hapalotrema synorchis has not previously been reported from C. mydas, and was 
not detected during these trials on turtle tissue samples, despite 151 tissues from 43 
turtles being tested. Thus, this particular issue does not present a problem in the use of 
this assay for the diagnosis of spirorchiidiasis in C. mydas, the most frequently studied 
marine spirorchiid host. However, care should be taken in interpretation of results if 
applied to other host species where H. synorchis is well documented i.e. Eretmochelys 
imbricata and Caretta caretta (Platt and Blair, 1998; Smith, 1997b).  
 
The species presence and prevalence data presented here are generally in accordance 
with previously published observations. As discussed, adult H, synorchis has not been 
reported from C. mydas, and no evidence to the contrary was found in this ova focussed 
study. Amphiorchis sp. has not been reported from the western Pacific Ocean to date, and 
no evidence of its presence was found here. The sequence used in the design of this 
study was from a specimen collected from C. caretta, however, Amphiorchis sp. are 
reported from C. mydas and spirorchiids within the Hapalotrema/Learedius/Amphiorchis 
group often infect multiple host species around the globe (Smith, 1997b). 
 
Hapalotrema mistroides has not been recorded from Australia’s east coast previously, nor 
has it been reported from the Pacific Ocean. This study detected H. mistroides ova in 
turtles from central and southern Queensland, representing an expansion in the known 
range of this species. Carettacola sp. were found at a low prevalence (6%). While the 
lower DNA detection limit of the CarFI/SMR1 primer pair was slightly higher than observed 
for other primer pairs, this relatively low occurrence is reflective of observations made by 
Work et al. (2005)], who noted that C. hawaiiensis were less predominant than species of 
Hapalotrema or Learedius in Hawaiian C. mydas. The very high prevalence (93%) of 
Neospirorchis, while significant, is not unprecedented in the locality. Gordon et al. (1998)] 
reported that 98% of turtles in their turtle mortality study showed signs of spirorchiid 
infection, based either on the presence of adult flukes, characteristic lesions or histological 
detection of ova. Microscopic flukes were observed histologically in 72% of turtle brains; 
samples were collected from two turtles and identified as N. schistosomatoides. Their 
72 
 
study did not attempt to identify ova present in histological sections, noting the difficulties 
in distinguishing ova often presented in cross section and in a distorted state. 
 
To date, the diversity and phylogeny of the spirorchiids has not been fully explored; in 
particular, genera such as Neospirorchis, Amphiorchis and Monticellius are poorly 
understood and little genetic data is available for them. As more information becomes 
available, the opportunity will arise to further refine molecular identification assays. 
Regardless, the method described here has the capacity to provide valuable data 
contributing to the conservation of threatened C. mydas populations, and those of other 
sea turtles.  
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Chapter 4 Molecular epidemiology and pathology of spirorchiid infection in green 
sea turtles (Chelonia mydas) 
4.1 Abstract 
Spirorchiid blood fluke infections affect endangered turtle populations globally, and are 
reported as a common cause of mortality in Queensland green sea turtles.  Both the flukes 
and their ova are pathogenic and can contribute to the stranding or death of their host. Of 
particular interest are ova-associated brain lesions, which have been associated with host 
neurological deficits. Accurate estimations of disease frequency and the relative effect of 
infection with different spirorchiid species are made difficult by challenges in morphological 
identification of adults of some genera, and a lack of species-level identifying features for 
ova. A new specifically designed molecular assay was used to detect and identify cryptic 
spirorchiids and their ova in Queensland green sea turtle tissues collected from 2011 to 
2014 in order to investigate epidemiology, tissue tropisms and pathology. Eight spirorchiid 
genotypes were detected in 14 distinct tissues, including multiple tissues for every 
genotype. We found no evidence of a characteristic pathway of the ova to the exterior; 
instead the results suggest that a high proportion of ova become lost in dead-end tissues. 
The most common lesions observed were granulomas affecting most organs with varying 
severity, followed by arteritis and thrombi in the great vessels. On average, a greater 
number of spirorchiid species were detected in tissues where lesions were present, and 
numbers increased along with the severity of lesions. However, compared with other 
organs, the brain showed relatively low levels of spirorchiid diversity. An inverse 
relationship between host age and spirorchiid diversity was evident for the liver and 
kidneys, but no such relationship was evident for other organs. Molecular data in this 
study, the first of its kind, provides the first species-level examination of spirorchiid ova and 
associated pathology. 
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4.2 Introduction 
Each year, hundreds of marine turtles are reported stranded or dead on the east coast of 
Queensland, Australia (Flint et al., 2015a). From 2009 to 2014, an annual average of 
1,152 strandings or mortalities were recorded; the majority of these were green sea turtles 
(Flint et al., 2015a), which are currently listed as Endangered by the International Union for 
the Conservation of Nature. Disease is among the most commonly recorded causes of 
stranding or mortality (Flint et al., 2009a; Meager and Limpus, 2012), but infectious causes 
of turtle mortality are poorly understood. Parasites, particularly spirorchiid blood flukes and 
the coccidian Caryospora cheloniae, are noted for their capacity to cause pathology (Flint 
et al., 2010; Gordon et al., 1998; Santoro et al., 2007; Stacy et al., 2010a) and mortality 
(Flint et al., 2010; Gordon et al., 1993). Of the two, spirorchiids are the more common and 
widespread. 
 
Spirorchiid flukes infect all major organs, and both adults and ova can have deleterious 
effects that can contribute to the stranding or death of their host (Aguirre et al., 1998; Flint 
et al., 2015b; Flint et al., 2010; Glazebrook and Campbell, 1990; Glazebrook et al., 1989; 
Gordon et al., 1998; Santoro et al., 2007; Stacy et al., 2010a; Work et al., 2004; Work et 
al., 2005). In Queensland, spirorchiidiasis is considered the most significant infectious 
disease among sea turtles (Flint et al., 2010). The earliest studies in the region found that 
spirorchiids were present in 40.9% to 72.2% of wild sea turtles (Glazebrook and Campbell, 
1990; Glazebrook et al., 1989) and were associated with a range of lesions and general 
debilitation. In 1998, Gordon et al. (1998) found spirorchiids to be the primary cause of 
death in 10% of locally stranded green sea turtles and a severe problem in a further 30%, 
with an overall infection rate of 98% on the basis of histopathology. A study of causes of 
death in turtles between 2006 and 2009 found that spirorchiidiasis was the most common 
cause (41.8%) of mortality in Queensland green sea turtles (Flint et al., 2010). Spirorchiids 
maintain a high infection rate in turtles globally, including regions such as Hawaii (Aguirre 
et al., 1998; Graczyk et al., 1995; Work et al., 2005; Work et al., 2015), the eastern United 
States (Stacy et al., 2010a) and South America (Santoro et al., 2007) with a high number 
of incidental infections. However, the relative impact of infections appears to vary spatially; 
while spirorchiidiasis is often a primary cause of death in Australian sea turtles (Flint et al., 
2010), it is less frequently fatal in turtles from the south-eastern United States (Stacy et al., 
2010a), and Hawaii (Work et al., 2015). The reasons behind these geographic variations 
are unexplained.  
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Accurate estimations of infection rates and the relative impact of individual spirorchiid 
species are restricted by two factors. First, the adults of some species are microscopic and 
show an apparent predilection for small blood vessels, making them very difficult to detect 
and collect intact (Gordon et al., 1998; Stacy et al., 2010a). Secondly, ova can only be 
categorised into one of three broad morphological types, and identification to species level 
is not possible. Given the limitations of traditional gross and microscopy based methods in 
this field, molecular techniques may contribute substantially to our knowledge of the 
parasite and the disease. Molecular tools have superior sensitivity and specificity relative 
to traditional microscopic/histologic identification (Chapman et al., 2016b; McManus and 
Bowles, 1996; Ndao, 2009), and the additional advantage of having potential for diagnostic 
applications in live turtles. Such approaches can therefore increase capacity to detect and 
identify parasites and explore their connection with pathology. Reports of pathology 
associated with ova are so far restricted to generalised comments on associated pathology 
and rarely attempt to associate lesions with particular species. Given that spirorchiid ova 
are almost universally present and often present in the apparent absence of adult flukes 
(Flint et al., 2010; Stacy et al., 2010a), they require detailed investigation of their impacts 
and association with pathology on a more definitive level. Recently, a new molecular assay 
was developed and validated for the identification of spirorchiids and their ova in green sea 
turtle tissues (Chapman et al., 2016b) potentiating the collection of data of a kind that has, 
to date, been unavailable. 
 
This paper aims to improve understanding of spirorchiidiasis in turtle populations of 
Australia and other regions around the globe by examining and quantifying infection rates, 
tissue tropisms, and predisposing host factors using the newly developed test (Chapman 
et al., 2016b). 
 
4.3  Materials and Methods 
4.3.1 Study population 
Green sea turtles were obtained from the wildlife rehabilitation facilities Underwater World 
Sea Life Aquarium (Mooloolaba) and Australia Zoo Wildlife Hospital (Beerwah) as well as 
government agencies (Queensland Parks and Wildlife Service – QPWS) between 2011 
and 2015. Prior to necropsy turtles were stored in refrigeration for a maximum of 2 days, or 
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otherwise frozen. Turtles were mainly from two broad locations: the central Queensland 
region from Gladstone Port (23.8251˚S, 151.2975˚E), nearby islands (Quoin, Facing and 
Boyne) south to the town of 1770 (24.1594˚S, 151.8658˚E), and the southern Queensland 
area between Hervey Bay (25.2538˚S, 152.8605˚E) and Ormiston (27.5112˚S, 
153.2675˚E). One further turtle was collected from the Townsville area (19.2372˚S, 
146.8985˚E) in northern Queensland. These areas encompass three of several ‘hotspots’ 
for marine turtle strandings on Australia’s east coast (Queensland Department of 
Environment and Heritage Protection, 2013) and therefore provided an opportunity to 
investigate the role of diseases in strandings. Turtles were classified into age groups using 
the size criteria utilised by Flint et al. (2010) and body condition scores were estimated 
visually and assigned using the criteria described by Flint et al. (2009b) to provide an 
overall post- mortem health profile. 
 
4.3.2 Parasitological methods 
Turtles were necropsied between 2011 and early 2015 using standard methods for sea 
turtle post-mortem examination (Flint et al., 2009b). During necropsy, adult flukes were 
collected and identified using methods as described in Chapter 2. . Samples of turtle 
tissues were collected and stored in 70% ethanol at 4°C before analysis using the PCR 
and T-RFLP method described by (Chapman et al., 2016b). Negative results were 
validated by assessing the presence of amplifiable DNA with universal eukaryote 18S 
primers (Chapman et al., 2016b; Fajardo et al., 2008).  For unfrozen carcasses in fresh 
condition, further samples were collected and fixed in 10% neutral buffered formalin for 
histological examination to correlate turtle health with parasitic effect. These samples were 
embedded in paraffin wax prior to being sectioned at 5 µm and stained with haematoxylin 
and eosin (HE). Sections were examined by a specialist veterinary pathologist. 
 
4.3.3 Histopathological methods 
The presence of spirorchiid ova in tissues was assessed by histology, along with the 
presence of associated inflammatory lesions (e.g. granulomas). Granulomas were graded 
based on relative severity, accounting for size and number of lesions as well as disruption 
to surrounding cellular architecture. Grading was based on the methodology described by 
Flint et al. (2010), however, a five point scale was used with a score of 1 designated for 
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mild, 3 for moderate and 5 for severe lesions; scores of 2 and 4 were used in cases where 
lesions did not clearly meet the criteria either side, or varied in severity across the section.   
 
4.3.4 Statistical analyses 
The proportion of organs infected with each spirorchiid genus was estimated from PCR 
data, and species from T-RFLP results. Samples with PCR results but without species 
level T-RFLP were omitted from species level calculations. For the purpose of this study, 
Hapalotrema, Learedius and Amphiorchis were grouped together due to their genetic and 
morphological similarity and comparable reported site tropisms, with genus level 
proportions calculated as one. 
 
We compared the occurrence of granulomas within each organ type by age, sex, body 
condition and infection type (single or multi species infections) using the Fisher’s exact test 
(95% confidence interval).  
 
We investigated the association between granuloma presence in brain samples (outcome) 
and spirorchiid infection type (exposure of interest) using multivariable generalised linear 
model (GLM). The model was adjusted for the effect of age, sex (female – 0, male – 1), 
body condition and Bernoulli distributed residuals (binomial family) with a logit link function. 
Each sample was categorised as either single infection (i.e. one spirorchiid species/genus 
present - 0) or multiple infection (i.e. two or more species or genera - 1). Mature and large 
immature classes were combined for analysis, resulting in two age groups of <65 cm CCL 
(small immature – assigned 0) and >65 cm (mature and large immature - 1). Turtles 
judged to be in poor or very poor body condition were combined into one category (0) 
representing turtles with deemed chronic debility, while those assessed as good or fair 
formed the second category (1). Analyses of spirorchiid occurrence were undertaken at 
both the genus and species level. The effect size of each of the predictor variables were 
expressed as odds ratios with 95% confidence intervals. The Mann-Whitney U- test was 
used to compare number of spirorchiid types present in relation to age, sex and body 
condition in other organs. All analyses were performed using STATA version 13.1 
(StataCorp, Texas, USA). 
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4.4 Results 
4.4.1 Dataset for analysis 
Necropsies were completed on a total of 51 turtles. Various tissue samples from 39 turtles 
were examined histologically, while tissue samples from 44 animals were collected for 
molecular characterisation of spirorchiids. A summary of host characteristics and samples 
collected is provided in Table 4.1. Full details of histopathology samples are provided in 
Appendix 1. 
 
4.4.2 Parasitological findings 
4.4.2.1 Adult flukes 
Adult flukes were found in 16/51 turtles (Table 4.1). The majority of flukes found were 
larger worms, i.e. species of Hapalotrema and Learedius. The most common was H. 
pambanensis, which was found in the heart of six turtles, with additional flukes found in the 
aortic vessels (left or pulmonary) in two of these cases. In two additional turtles, they were 
recovered from the body cavity. Hapalotrema postorchis showed a particular affinity for the 
major vessels (left or right aorta of five turtles) while L. learedi was found in the heart of 
two turtles, with one of these also having the same species present in the lung. In most 
cases multiple flukes were collected, with up to 80 recovered in severe infections. 
 
Adult flukes confirmed as Carettacola sp. were found in five turtles, and were recovered 
from sites including the liver (three turtles), pancreas (one turtle), and body cavity (four 
turtles). In some instances, these flukes were unable to be identified to species level on 
account of the samples being broken or in poor condition. However, six flukes from four 
turtles were identified as C. hawaiiensis based on either morphological or molecular 
characteristics. A worm of the second Carettacola genotype was located in the liver of a 
fifth turtle, while attempts to sequence those in the sixth were unsuccessful. One fluke 
retrieved from the body cavity was initially identified as Carettacola sp. but sequence data 
indicate that it was likely to relate to an unknown spirorchiid genus (Genbank 
KU600078.1).  
 
Difficulties were also experienced in identifying Neospirorchis spp. that were retrieved from 
the heart, brain, lung and body cavity of five turtles, due to damaged and broken samples 
and a lack of genetic data available in public databases. Flukes from Genotype 1 were  
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Table 4.1 Samples collected from turtles, summarised by age group and body condition. 
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Body Condition 
Good - Fair 20 4, 0 6, 2 1, 2 13, 20 0, 0 1, 2 1, 1 14, 10 2, 3 11, 9 14, 10 11, 8 14, 10 11, 5 0, 0 6, 0 12, 8 12, 4 3 
Poor - Very Poor 31 12, 0 13, 0 4, 0 23, 23 1, 0 0, 0 0, 1 21, 6 9, 0 21, 3 19, 4 23, 3 22, 4 18, 3 1, 0 14, 0 22, 4 8, 3 13 
Age group 
Small immature 34 13, 0 14, 1 5, 1 22, 28 0, 0 1, 2 1, 1 21, 9 8, 1 20, 6 20, 7 22, 5 23, 7 19, 4 1, 0 15, 0 20, 6 10, 3 12 
Large immature 9 1, 0 2, 1 0, 1 7, 9 0, 0 0, 0 0, 0 7, 4 1, 2 7, 3 6, 3 6, 3 6, 4 5, 3 0, 0 1, 0 7, 3 5, 2 1 
Mature 8 2, 0 3, 0 0, 0 7, 6 1, 0 0, 0 0, 1 7, 3 2, 0 5, 3 7, 4 6, 3 7, 3 5, 1 0, 0 4, 0 7, 3 5, 2 3 
Overall - Total 51 16, 0 19, 2 5, 2 36, 43 1, 0 1, 2 1, 2 35, 16 11, 3 32, 12 33, 14 34, 11 36, 14 29, 8 1, 0 20, 0 34, 12 20, 7 16 
Total turtles refers to the total number of turtles in each category that underwent gross post-mortem examination. The first number in each case denotes the number of samples 
examined histologically, while the second number indicates samples tested by T-RFLP to detect and characterise spirorchiid species. Samples that failed to amplify either spirorchiid 
or Eukaryote 18S DNA have been omitted. Column headed ‘Adult flukes’ gives number of turtles in each category from which adult flukes were found.  
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collected from the brain and body cavity, Genotype 2 from the heart, and Genotype 3 from 
the lungs. 
4.4.2.2 Molecular detection - tissue samples 
Spirorchiid infections were detected in 142/148 tissue samples, encompassing 43/44 
turtles from which samples were tested. Of six that failed to give a positive PCR result, four 
were validated as genuine negative results, while the remaining two were discarded owing 
to failure to amplify the house-keeping gene (eukaryote 18S genomic host DNA). Full 
molecular characterisation was achieved for 129 samples; the remainder were limited to 
initial multiplex PCR characterisation or, in some cases, multiplex PCR plus T-RFLP 
results for one primer set only, most likely due to DNA degradation.  
 
A total of eight distinct spirorchiid genotypes (interpreted as representing distinct species) 
were detected. The occurrence of each spirorchiid species as detected by PCR and T-
RFLP is summarised in Table 4.2. Overall, Neospirorchis was the most common genus. 
Of samples that were successfully characterised to species level, between 80% and 100% 
of each organ (excepting the gall bladder) were positive for Neospirorchis Genotype 2, 
making this the most common spirorchiid species/genotype. Genotype 1 was also 
recorded in the majority of tissue types. Genotype 3 showed a more restricted range, 
being detected only in gastrointestinal, kidney, lung and spleen tissues. It appeared to 
show a predilection for lung tissue, where it was found in 50% of samples tested. 
 
Four species from the Hapalotrema group (incorporating Learedius and Amphiorchis) were 
detected. Of these, the most common were Hapalotrema pambanensis and H. postorchis, 
though the remaining two species, L. learedi and H. mistroides, were also regularly found. 
The group as a whole was common across most tissues, with the exception of the gonads 
and bladder where they were not detected from limited samples. In the remaining organs, 
H. postorchis recorded its lowest infection rate in the brain (12.8%) and the lung (15.4%), 
while H. pambanensis was least common in the kidneys (14.3%) and in the brain (20.0%). 
Hapalotrema mistroides had a more restricted distribution among tissues than other 
species, and was not found in any brain, gastrointestinal, kidney or pancreas tissues. 
Neither H. synorchis nor Amphiorchis spp. were detected in any sample. 
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Table 4.2 Occurrence of spirorchiids in each organ, by genera and by species. 
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Aorta 2 2 0 2 2 1 1 0 0 0 0 2 0 0 2 1 2 0 1 0 2 2.5 
%  100 0 100  50 50 0 0 0 0  0 0  50 100 0     
Bladder 2 0 0 2 2 0 0 0 0 0 0 2 0 0 2 0 2 0 0 0 1 1.0 
%  0 0 100  0 0 0 0 0 0  0 0  0 100 0     
Brain 43 16 2 40 39 5 8 0 6 0 0 41 0 0 43 13 41 0 0 0 1 1.8 
%  37 5 93  13 21 0 15 0 0  0 0  30 95 0     
FP 2 2 0 2 2 0 1 0 1 0 0 2 0 0 2 1 2 0 1 0 2 2.5 
%  100 0 100  0 50 0 50 0 0  0 0  50 100 0     
GB 2 2 0 1 2 1 1 0 1 1 0 2 0 0 2 0 1 0 2 0 1 2.5 
%  100 0 50  50 50 0 50 50 0  0 0  0 50 0     
GIT 16 9 2 14 13 6 4 0 1 0 0 16 2 0 16 3 14 1 1 0 1 2.2 
%  56 13 88  46 31 0 8 0 0  13 0  19 88 6     
Gonads 3 0 0 3 3 0 0 0 0 0 0 3 0 0 3 1 3 0 0 0 1 1.3 
%  0 0 100  0 0 0 0 0 0  0 0  33 100 0     
Heart 12 6 0 12 12 3 4 0 2 1 0 12 0 0 10 5 10 0 1 0 2 2.1 
%  50 0 100  25 33 0 17 8 0  0 0  50 100 0     
Kidney 14 4 0 14 14 3 2 0 1 0 0 14 0 0 14 6 14 3 0 0 2 2.0 
%  29 0 100  21 14 0 7 0 0  0 0  43 100 21     
Liver 11 6 2 9 11 4 3 0 1 1 0 11 2 0 10 2 8 0 1 0 1 2.0 
%  55 18 82  36 27 0 9 9 0  18 0  20 80 0     
Lung 14 8 0 13 13 2 4 0 3 2 0 14 0 0 14 3 13 7 1 0 2 2.5 
%  57 0 93  15 31 0 23 15 0  0 0  21 93 50     
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Pancreas 8 6 0 8 8 4 4 0 2 0 0 8 0 0 8 4 8 0 1 0 2 2.8 
%  75 0 100  50 50 0 25 0 0  0 0  50 100 0     
Spleen 12 9 2 12 12 6 7 0 2 3 0 11 1 0 11 3 11 1 2 0 1 3.1 
%  75 17 100  50 58 0 17 25 0  9 0  27 100 9     
Thyroid 7 5 0 7 6 2 2 0 0 2 0 7 0 0 7 3 7 0 1 0 1 2.5 
%   71 0 100   33 33 0 0 33 0   0 0   43 100 0         
Total samples refers to total samples available for molecular testing. 'Total T-RFLP results' columns refer to total number of samples that were successfully 
characterised by T-RFLP, or had a validated negative result on multiplex PCR.  
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Carettacola was less common than Neospirorchis or the Hapalotrema group, and was 
restricted to the gastrointestinal tract, brain, liver and spleen. The only species detected 
was C. hawaiiensis, although characterisation was only achieved to genus level in some 
samples. 
 
Based on molecular results, the greatest average species diversity was observed in the 
spleen (3.1) spirorchiid species per sample) followed by the pancreas (2.8 species) and 
lung (2.5 species) (Table 4.2). An average of 2.5 species each were found in 
aorta/thrombus, gall bladder and fibropapilloma samples, but only low numbers of samples 
were available for these tissues. The brain showed a relatively low diversity, with an 
average of 1.8 species detected. The gonads and heart also averaged less than two 
species per sample. For the liver (Mann-Whitney U test, z = -2.124, N1 = 5, N2 = 5, P < 
0.0336) and kidney (Mann-Whitney U test, z = -2.320, N1 = 7, N2 = 7, P < 0.0204), the 
number of spirorchiid types in each sample was significantly greater in small immature 
turtles than in large immature and mature turtles. No effect of body condition or sex on the 
occurrence of granulomas was observed. 
 
4.4.3 Pathological findings 
Ova were observed in 242 of 354 (68.4%) tissue samples examined by histology. In most 
of these (197 - 81.4%) a granulomatous response to the ova was observed. The majority 
of granulomas were scored as 1 (mild – 111, 56.3%), 2 (mild-moderate – 36, 18.3%) or 3 
(moderate – 33, 16.8%) in severity, with remaining lesions being classed in the range of 4 
(moderate-severe) or 5 (severe) (Table 4.3). The severity of granulomas appeared to 
increase with the number of spirorchiid species present (Table 4.3), ranging from 1.6 
species where no granulomas were evident through to 3.5 species in the presence of 
severe lesions. 
 
Moderate to severe brain lesions (Flint et al., 2010) were observed in four turtles. The 
most severe were observed in a small immature turtle in fair body condition; three 
spirorchiid species were detected, being H. postorchis, H. pambanensis and Neospirorchis 
Genotype 2. Another small immature turtle, this time in very poor condition, had moderate 
to severe lesions (Figure 4.1a) associated with Neospirorchis Genotypes 1 and 2, while 
the presence of L. learedi and Neospirorchis Genotypes 1 and 2 was confirmed in two 
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turtles with moderate lesions. Adult Neospirorchis recovered from the brains of two turtles 
(Genotypes 1 and 2 respectively), however, were not directly associated with any notable 
abnormalities other than mild to moderate ova associated granulomatous inflammation. 
 
Aortic or heart lesions were observed grossly or histologically in twenty-nine turtles, and, in 
fourteen of these, adult flukes were recovered from one or both locations. Lesions (arteritis 
with or without thrombi) were found in all three major vessels arising from the heart 
(Figure 4.1b), often forming inflammatory masses extending into the vessel lumen. 
Thrombi, found in twelve cases, were generally small (~1 - 2 cm in diameter) (Figure 4.1c, 
d). In a particularly severe case, arteritis of the aortic trunk and associated thrombus 
formation expanded the vessel to a maximum of approximately 5 cm wide and extending 
for approximately 12 cm along its length (Figure 4.1e). Adult H. postorchis were found 
attached to thrombi in this and five other instances (Figure 4.1d), on one occasion 
accompanied by H. pambanensis.  
 
Molecular testing of an aortic vessel wall containing multiple severe granulomas (up to 5 
mm in diameter) indicated that associated ova were H. pambanensis and Neospirorchis 
Genotype 2. In another, there was transmural, chronic-active arteritis containing small 
aggregates of ova with associated granulomatous inflammation. Spirorchiids detected by 
molecular testing included H. postorchis and Neospirorchis Genotypes 1 and 2.  
 
Lesions in the heart were less common than in the major vessels, and were noted in 
thirteen turtles. In seven cases, no adult flukes could be found and lesions were usually 
mild ova-associated granulomas. Large numbers of H. pambanensis were recovered from 
two cases where ventricles had large and densely cellular inflammatory lesions protruding 
from the endocardial surface into the lumen. Pathology in the remaining four cases was 
restricted to mild or moderate granulomatous reactions to the presence of ova. Adult flukes 
present on these occasions were single species infections of C. hawaiiensis, H. 
pambanensis and Neospirorchis Genotype 2, and a mixed infection of H. pambanensis, L. 
learedi and Neospirorchis Genotype 2. On three occasions, flukes were recovered from 
hearts where no pathology was noted (Neospirorchis Genotype 2, C. hawaiiensis and H. 
pambanensis occurring as single species infections).  
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Table 4.3 Summary table of occurrence and severity of trematode ova associated granulomas in tissues examined by histology. 
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None observed  7 7 4 15 0 0 0 9 8 13 17 17 12 6 1 0 5 14 128 1.6 (42) 
1 - Mild 6 2 1 7 0 1 0 10 0 8 10 6 8 11 0 3 8 1 76 2.6 (22) 
2 - Mild/moderate 3 0 0 8 0 0 0 4 1 1 1 2 5 3 0 3 6 0 34 3.5 (8) 
3 - Moderate 0 0 0 3 1 0 1 2 0 2 0 3 4 2 0 8 7 0 33 3.5 (3) 
4 – Moderate/severe 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 2.0 (1)  
5 - Severe 0 10 0 1 0 0 0 0 0 2 0 0 1 0 0 0 0 0 14 3.5 (4)  
Unclassified 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 na (0) 
Total examined 16 19 5 36 1 1 1 26 9 26 28 28 30 22 1 14 26 15 304 na 
Gross lesions are not included in these figures. Numbers in brackets denote number of samples with full molecular characterisation of spirorchiid assemblages.  
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Figure 4.1 Pathology associated with spirorchiid blood flukes in Chelonia mydas. a) Severe granulomatous 
lesions (G) within the meninges of a small immature green turtle, centred on aggregates of brown-shelled 
parasite ova. 40x magnification, HE stain, scale bar = 350 um. b) Wall of aortic trunk expanded by multifocal 
aggregates of granulomatous inflammation (G) associated with trematode ova (O).  Adult Hapalotrema 
postorchis were recovered during necropsy. 100x magnification, HE stain, scale bar = 115 um. c) Thrombus 
within lumen of aorta. Adult spirorchiids (H. postorchis) attached to the thrombus can be seen protruding 
though an incision in the vessel wall. d) Thrombus with attached H. postorchis after removal from vessel. e) 
Granulomatous and necrotising arteritis and associated thrombus formation within the aortic trunk. A large 
number of H. postorchis were flushed from the lesion. 
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An adult L. learedi and fragments of an unidentified Neospirorchis sp. were recovered 
separately from the lungs of two animals, with no notable associated pathology observed. 
Multifocal granulomatous pneumonia was observed in a third turtle, with large granulomas. 
While trematode ova were present, there was no clear association between these and the 
lesions, and the aetiology could not be conclusively resolved. T-TFLP detected five 
species of spirorchiid, Neospirorchis Genotypes 1, 2 and 3, H. pambanensis and L. 
learedi. The same turtle also had moderately severe granulomatous hepatitis containing 
trematode ova (Neospirorchis Genotypes 1 and 2, H. pambanensis and H. postorchis). 
 
4.4.4 Statistical modelling 
In the univariable analysis, the presence of brain granulomas was significantly associated 
with infection with more than one spirorchiid species, but not with age, sex or body 
condition (Table 4.4). In the multivariable analysis, infection with more than one spirorchiid 
species was significantly associated with presence of brain granulomas (OR = 20.10; 95% 
CI: 1.62 – 250.14) after adjusting for the above factors (Table 4.4). No significant effects of 
age, body condition, sex or infection type on presence of granulomas in other organs was 
indicated using Fisher’s Exact tests.  
 
4.5 Discussion 
In this study we provided the first detailed molecular investigation into the characteristics of 
spirorchiidiasis in a sample of stranded green sea turtles. These were from the coastal 
waters of Queensland, a known hotspot for this disease (Flint et al., 2010; Gordon et al., 
1998). The more cryptic species reported in this study, especially Neospirorchis spp., have 
previously been difficult to detect and identify grossly. The approach used here, T-RFLP, 
proved efficient and effective in detecting and distinguishing these species. Whereas an 
adult fluke may easily be overlooked during gross necropsy, it may produce and disperse 
large numbers of ova, and the molecular detection of these can reduce the reporting of 
false negatives. This approach improves accuracy of data on infection rates, tissue 
tropisms and egg dispersal. Further, in many cases turtles are frozen prior to necropsy; in 
such cases molecular tools remain effective, whereas histological analysis and 
morphological identification of flukes becomes limited due to parasite sample degradation 
due to freeze-thawing.   
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Table 4.4 Results of generalised linear models analysing the effects of variables on granuloma formation in the brain. 
Univariate analysis Multivariate analysis 
 
OR CI SE P OR CI SE P 
Age 2.17 0.45 - 10.44 1.74 0.34 0.62 0.07 - 5.16 0.67 0.66 
         
Sex 0.96 0.21 - 4.34 0.74 0.96 0.52 0.07 - 4.06 0.54 0.53 
Body condition 1.04 0.23 - 4.70 0.80 0.96 1.96 0.22 - 17.34 2.12 0.55 
Multispecies infection 16.20 1.57 - 167.74 19.32 0.02 20.10 1.62 - 250.14 25.86 0.02 
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The overwhelming finding of the study was that ova of all eight detected spirorchiid 
species occurred in multiple tissues. Indeed, of 112 possible parasite/tissue combinations, 
72 were detected. Six of the eight species were detected in ten or more distinct tissues 
and even the rarest species, C. hawaiiensis, was detected in three distinct tissues. 
Patterns of tissue tropism may assist in determining how spirorchiid ova exit the host. In 
lieu of definitive evidence, the assumed primary route of ova elimination from the host is 
via the gastrointestinal tract, and spirorchiid ova can indeed be recovered from faeces 
(Greiner, 2013). If this were to be true for all species, it would be expected that T-RFLP 
would detect each within gastrointestinal samples, and that these samples would be 
among the highest in terms of average numbers of species detected. In this respect the 
outstanding finding was that for no species was there a detectable tissue tropism and the 
gut was in no way exceptional in richness of spirorchiid species. While all but one species 
(H. mistroides) were detected from at least one gastrointestinal tract sample, the average 
number of species was lower than that observed in several other organs, suggesting that 
the gastrointestinal tract may not be the point of exit for ova of all species. A second 
possible site of exit is the lungs, but samples from there were also unremarkable in their 
spirorchiid richness. We thus found no evidence of a characteristic pathway of the ova to 
the exterior; instead the results suggest that a high proportion become lost in dead-end 
tissues. Potentially, these ova are not released to the environment until the death of the 
host, which may be potentiated by associated pathology. Further investigation will be 
required in order to determine the definitive route of release from the host and there may 
well be species-specific distinctions. Future studies should include the examination of gut 
contents, faeces and bronchial exudate using both microscopic and molecular means in 
order to detect, quantify and identify ova released via these routes. 
 
The T-RFLP assay detected Neospirorchis spp. in the great majority of samples. Tissues 
from all but one of the 44 turtles tested positive, with Neospirorchis Genotype 2 being the 
most common variant. Meanwhile, Carettacola spp. were relatively rare. The ubiquitous 
nature of Neospirorchis infections in green sea turtles has previously been noted in 
Queensland (Gordon et al., 1998) and Florida (Stacy et al., 2010a). Meanwhile Work et al. 
(2005) noted the low incidence of Carettacola infections in Hawaiian green turtles, and 
although Stacy et al. (2010a) found C. bipora in loggerhead turtles, from Florida, they did 
not find any Carettacola species in green turtles. Life cycle factors may contribute to the 
difference in frequency of Neospirorchis and Carettacola infections, e.g. relative fecundity 
and/or abundance of intermediate hosts. We also considered whether the lower detection 
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rate for Carettacola found here might relate to the sensitivity of the primers targeting this 
genus. However, although the validation of this assay (Chapman et al., 2016b) found that 
the Carettacola primer pair had a higher detection limit than those for other genera, it was 
still sufficient to detect low numbers of ova. Conversely, adult Carettacola were recovered 
more often than adult Neospirorchis, likely a result of differences in size, body shape and 
microhabitat usage. 
 
A relatively low average number of species was observed in the brain.  These infections 
were dominated by Neospirorchis spp. Species of Neospirorchis are small and filiform 
(Platt, 2002; Price, 1934), and their ova are relatively small, round and lack polar 
processes (Wolke et al., 1982). In combination, these morphological features may allow 
access to the narrow blood vessels associated with the brain. Adults of other genera 
(particularly Hapalotrema and Learedius) (Platt, 2002) tend to be more robust, and their 
ova are typically elongate and feature at least one polar process (Wolke et al., 1982), 
which may restrict penetration into smaller vessels.  
 
The number of spirorchiid species detected in the brain was found to be significantly 
greater where granulomas were observed. Additionally, when all tissues were considered, 
the average number of species detected increased with the severity of lesions. It is likely 
that as tissue injury occurs in response to the initial embolization of ova, that the resulting 
alteration of blood flow predisposes the ova of further species within the lesion. General 
debility of the host permitting infection by a larger number of species is also likely to 
contribute to the number of species observed in a lesion, and may simultaneously facilitate 
progression to significant inflammatory responses. No individual species appeared to be 
disproportionately associated with granulomatous lesions. Neospirorchis Genotype 2 was 
detected in all brains with granulomas, sometimes as the only species present, but was 
also found in brains showing no observable granuloma formation. It is therefore not 
possible to implicate this species alone as a cause of lesions. However, it does appear 
that the presence of one species is sufficient to cause an inflammatory response. Notably, 
no inflammatory response was observed in some tissues infected with multiple species. It 
is therefore likely that multiple factors (e.g. individual response to insult, length of period of 
infection, environmental stressors, injury or coinfection with other pathogens) play a role in 
progression to inflammatory lesions. The relationship between brain lesions and clinical 
disease is a matter of interest because clinical neurological cases in recent times in 
Australia and the United States have been presumptively diagnosed as spirorchiidiasis 
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(Flint et al., 2010; Stacy et al., 2010a). Neurological infection with Neospirorchis spp. 
(neurospirorchiidiasis) was associated with a mass mortality event in loggerhead turtles 
(Caretta caretta) in Florida in the early 2000s (Jacobson et al., 2006). Neurological 
impairment has also been observed alongside spirorchiid-associated brain lesions in green 
sea turtles from Queensland (Flint et al., 2010) and Western Australia (Raidal et al., 1998). 
Such neurological deficits, while injurious in themselves, may also predispose the animal 
to misfortunes such as boat strike or predation. Until now, it has been unclear which 
Neospirorchis (or other) species are associated with neurological lesions. The 
methodology used here identifies the species involved, paving the way for the 
development of specific ante-mortem diagnostics. In this study, the species associated 
with the most severe neurological lesions observed are commonly present in turtles of all 
age and health statuses. Continued surveillance and development of quantitative ante-
mortem testing for implicated species is likely to assist in unravelling the factors that lead 
to severe clinical effects. 
 
In this study, overall spirorchiid diversity and the infection rates of individual species 
(particularly of species within the Hapalotrema/Learedius group) generally decreased with 
age. An exception was H. mistroides, which, in contrast to other Hapalotrema species, was 
detected more often in mature turtles than small immature ones, potentially due to greater 
accumulated exposure in large immature or mature turtles. The overall tendency for 
parasitic infections to decrease with age may reflect progressive development of immunity 
after immunologically naïve small immature turtles are exposed to spirorchiids at the time 
of recruitment to neritic habitats (Flint et al., 2010; Work et al., 2005). Acquired immunity to 
blood flukes in various vertebrate hosts has been routinely observed. For example, 
infections with the related Schistosoma spp. in species such as humans (Agnew et al., 
1996; Cheever et al., 1977; Drake and Bundy, 2001), primates (Cheever et al., 1974; He et 
al., 1992; Li et al., 2015), water buffalo (Li, 2014), cattle and pigs (Vercruysse and Gabriel, 
2005) generally decrease in intensity as the host ages. Meanwhile, the ability of 
poikilotherms to develop immune responses to blood flukes is demonstrated by the 
progressive development of humoral responses by Pacific Bluefin tuna (Thunnus 
maccoyii) to aporocotylid flukes (Cardicola spp.) (Aiken et al., 2008; Kirchhoff et al., 2012; 
Polinski et al., 2014). Alternatively, age related shifts in diet may result in decreasing 
exposure to the presumably benthic intermediate host as turtles age. However, green 
turtle populations in the Pacific (Flint et al., 2010; Work et al., 2005) and the Atlantic 
(Santoro et al., 2007; Stacy et al., 2010a) show different relationships between age and 
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apparent susceptibility to spirorchiid infection. The factors causing variations in 
epizootiology between populations in different geographic regions remain unclear. 
Potential factors include different spirorchiid species assemblages, and environmental 
factors which may cause differential exposure to infective stages (e.g. microhabitat 
variations and presence of intermediate hosts), or cause stress to hosts (e.g. pollutants 
and poor water quality), resulting in increased susceptibility to disease (Flint et al., 2015b). 
Thus, the nature of spirorchiidiasis requires analysis in the context of distinct host species, 
parasite species and habitats. 
 
A useful addition to studies of this nature would be a quantitative assessment of the 
number of spirorchiid eggs of each species or genotype in a sample, which would allow 
estimation of the relative contribution of each type to lesion development. At this stage, 
quantitative molecular methods are largely restricted to quantitative real-time PCR (qPCR), 
however the development of numerous (in this case twelve) species/genotype specific 
primer/probe sets to target each spirorchiid would prove arduous and potentially 
impossible given low observed levels of interspecific variation in commonly examined 
spirorchiid genes. Visual methods i.e. histology or tissue digestion and microscopic counts 
can produce data only to a genus level and, in the case of histology, may be difficult to 
achieve accurately due to sectional angles. Such data would, however, add a further 
dimension to analysis of spirorchiid lesions.  
4.5.1 Limitations 
As discussed, low numbers of samples were available overall and disproportionate 
numbers of samples came from small immature turtles. The relationship between age, the 
number of spirorchiid species present and presence of lesions varied between organs, 
which is likely due to low sample numbers as evidenced by broad confidence intervals. 
However, genus level infection rates and tissue tropisms were generally reflective of those 
reported previously. Full comparable sets of tissue samples were not available from all 
turtles, with infection rates calculated per organ rather than at the host level, but this in 
itself provides insight into tissue tropisms. Some parasite species detected here are yet to 
be fully identified due to a lack of suitable samples for morphological characterisation, 
either due to their cryptic and fragile nature or freezing of the turtle prior to collection for 
necropsy. No effect on molecular results due to freezing is likely, and it is anticipated that 
the parasites will be definitively identified and/or described in future studies. At present, the 
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lack of life cycle information for marine spirorchiids also constrains our understanding of 
disease epidemiology. 
4.5.2 Conclusions 
In conclusion, molecular data provided by this study is the first of its kind, providing the first 
species level examination of spirorchiid ova and associated pathology in marine turtles. 
This study provides evidence that young turtles in this region are likely to be infected with 
the greatest diversity of spirorchiid fauna, and that at least in the brain, there is a 
relationship between the presence and severity of granulomatous lesions and the number 
of spirorchiid species present and. In order to consolidate these findings, future studies 
should expand the number of turtles examined, look at incorporating quantitative estimates 
of the contribution of each species’ ova to lesions, and investigate variations between 
geographic regions. The influence of environmental factors and stressors is of particular 
interest, as is the elucidation of spirorchiid life cycles and the development of ante-mortem 
diagnostics for investigation and monitoring of live turtle populations. 
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Chapter 5 Molecular characterisation of Coccidia associated with an epizootic in 
green sea turtles (Chelonia mydas) in south east Queensland, Australia 
This chapter published as: 
 
Chapman P.A., Owen H., Flint M., Traub R.J., Cribb T.H., Mills P.C. 2016. Molecular 
characterization of Coccidia associated with an epizootic in green sea turtles (Chelonia 
mydas) in south east Queensland, Australia. PLoS ONE 11:e0149962 
 
5.1 Abstract  
In the spring of 2014, mass mortalities among wild green sea turtles occurred off the coast 
of south-east Queensland, Australia. The suspected causative agent was Caryospora 
cheloniae, an eimeriid coccidian implicated in previous epizootics. Necropsies were 
undertaken on a subset of 11 dead turtles, with subsequent histopathology and molecular 
analyses. All turtles returned positive PCR results for coccidial infection in various tissues; 
these included the brain, gastrointestinal tract, lung, kidney and thyroid. Granulomatous 
encephalitis was consistently observed, as well as enteritis and, less frequently, thyroiditis 
and nephritis. Sequencing and phylogenetic analyses indicated the presence of two 
distinct coccidian genotypes, presumably separate species – one associated with the 
brain, gastrointestinal tract and lung, and the second with the thyroid and kidney. 
Maximum likelihood and Bayesian inference analyses placed the first genotype closest to 
the lankesterellid genus Schellackia, rather than in the Eimeriidae, while the second was 
paraphyletic to the eimeriids. Presence of coccidial stages in extra-intestinal tissues of the 
primary host raises questions about the potential presence of intermediate or paratenic 
hosts within the life cycles, as well as their current placement relative to the genus 
Caryospora. This study represents the first genetic characterisation of this emerging 
disease agent in green sea turtles, an endangered species, and has relevance for life 
cycle elucidation and future development of diagnostics. 
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5.2 Introduction 
Green sea turtles (Chelonia mydas) are inhabitants of tropical and temperate waters 
worldwide, and are considered to be useful sentinels of ecosystem health (Aguirre and 
Lutz, 2004). Anthropogenic pressures have led to the species being listed as Endangered 
on the IUCN Red List, and Vulnerable under Australia’s Environment Protection and 
Biodiversity Conservation Act (1999). Mortality of green sea turtles due to coccidiosis has 
been infrequently reported, and was initially identified in mariculture environments 
(Leibovitz et al., 1978; Rebell et al., 1974). Within the waters of south east Queensland, 
Australia, deaths of wild green sea turtles as a result of coccidial infection generally occur 
with low prevalence (Flint et al., 2010). However, an epizootic event resulting in mass 
mortalities was reported in the spring of 1991, where in excess of 70 wild green sea turtles 
were reported dead over a 6 week period (Gordon et al., 1993). Since then, infections 
have been reported at low frequencies (Flint et al., 2010) until the spring of 2014, when 
another epizootic occurred. Little is currently known about the triggers and epidemiology of 
these events, or the causative organism, suspected to be Caryospora cheloniae (Gordon 
et al., 1993).  
 
Infections of C. cheloniae have been reported only from marine turtles (Duszynski and 
Morrow, 2014). It was first reported from hatchling and juvenile turtles in a mariculture 
facility in Grand Cayman (Leibovitz et al., 1978; Rebell et al., 1974), where it caused 
emaciation, lethargy and intestinal impaction leading to death and subsequent economic 
loss. The same parasite was thought responsible for the Queensland event of 1991, where 
affected turtles (largely sub-adults) showed clinical signs including weakness, depression 
and neurological disturbance, with diagnosis supported histopathologically (Gordon et al., 
1993). Both previous outbreaks were diagnosed using morphological features of oocysts 
alone, which may fail to recognize closely related but distinct species and relies on active 
shedding in the faeces at the time of sampling. Molecular techniques have the capacity to 
differentiate between morphologically similar species at any stage of development, and 
facilitate accurate identification (Gasser, 2006). Here, we use molecular methods to 
investigate coccidial infections at post-mortem from the recent 2014 epizootic, and report 
on associated pathology in various organ systems. This represents the first molecular and 
phylogenetic characterisation of the causative organism of this emerging disease in a 
species of marine turtle, providing a starting point for future definitive identification, 
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5.3 Materials and Methods 
5.3.1 Necropsy and pathology 
Eleven dead green sea turtles presented to wildlife rehabilitation facilities, Australia Zoo 
Wildlife Hospital (Beerwah) and Underwater World Sea Life Aquarium (Mooloolaba), 
underwent post-mortem examination in September and October 2014, with an additional 
animal examined in January 2015. Necropsies were undertaken shortly after 
death/euthanasia and were completed according to standard procedure (Flint et al., 
2009a). Tissue samples collected were fixed in 10% neutral buffered formalin prior to 
histopathological examination. Sections were cut at 5 µm and stained with haematoxylin 
and eosin. Further samples were stored in 70% ethanol at 4°C for molecular analysis. 
Samples were submitted for histopathology from all but one animal, which had been frozen 
prior to necropsy. In this case, samples were collected only for molecular analysis. 
Although necropsies were undertaken as part of a molecular/pathological investigation not 
requiring faecal examination, faecal samples were collected from 1 individual, with flotation 
performed using saturated salt solution. Gut scrapings were taken from the same turtle 
and examined under light microscope. 
 
5.3.2 Ethics statement 
All turtles involved in this study were euthanized on humane grounds after veterinary 
evaluation at rehabilitation facilities, or died shortly after stranding. Euthanasia was 
performed by veterinarians using intravenous injection of pentobarbital. While no turtles 
were euthanised specifically for the purposes of this research, all work was completed 
under approval no. SVS/186/14/ARC issued by the University of Queensland Animal 
Ethics Committee. Queensland State Government approval to undertake marine research 
activities was granted through Marine Parks permit no. QS2014/CVL1414 and Scientific 
Purposes permit no. WISP09021911. 
 
5.3.3 Molecular analysis 
Molecular techniques were adapted from those outlined by Chapman et al. (Chapman et 
al., 2015). Ethanol preserved tissues were utilized for DNA extraction using the DNeasy 
Blood and Tissue kit (Qiagen, Chadstone, AU). Procedure was as per manufacturer’s 
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instructions, however, the final stage was amended to use 100 µL of buffer AE (cf. 200 µL) 
to provide a more concentrated product.  
 
A generic eukaryote forward primer (3F: 5′ GTT CGA TTC CGG AGA GGG A) and an 
apicomplexan-specific reverse primer (Api1R: 5′ TAA TCT ATC CCC ATC ACG ATG C–
3′)(Saffo et al., 2010) were used to amplify the 18S region of coccidians present in tissues. 
PCR reactions were run at a total volume of 25 µL, comprised of 2.5 µL 10 x PCR buffer, 4 
µL dNTP mix (Qiagen, Chadstone, AU) at a final concentration of 1.25 mM each, 2.5 µL of 
each primer at a concentration of 10 mM, 1.25 units HotStar Taq (Qiagen, Chadstone, AU) 
and 1 µL template DNA with the remainder made up of nuclease free water. Cycling 
conditions comprised an initial activation step of 94 °C for 5 minutes, followed by 40 cycles 
of 94 °C for 30 seconds, 57 °C for 30 seconds and 72 °C for 2 minutes, with a final 
extension step of 72 °C for 10 minutes. Products were visualized using a 1% agarose gel 
stained using SYBR Safe (Life Technologies Pty Ltd, Grand Island, New York, USA) and 
submitted to the Animal Genetics Laboratory (School of Veterinary Sciences, University of 
Queensland) for purification and bidirectional sequencing. 
 
Chromatograms were examined using Finch TV v1.4.0 (Geospiza, 2009) and aligned 
using the ClustalW accessory within BioEdit v7.0.9.0 (Hall, 2005). A Maximum Likelihood 
tree was constructed using PhyML 3.0 (Guindon S. et al., 2010) with 1000 bootstrap 
replicates. The TIM3 + G + I substitution model was specified based the results of a 
jModelTest 2.0 (Darriba D, 2012; Guindon and Gascuel, 2003) analysis of the alignment. 
MrBayes 3.2.4 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) was 
used to construct a  Bayesian inference tree. As TIM3 is not supported by MrBayes, the 
GTR + G + I model was specified as the closest over-parameterized model (Huelsenbeck 
and Rannala, 2004). One million generations were run and samples taken every 100 
generations. The first 10% were discarded as burn-in, with convergence verified using 
Tracer v1.6 (Rambaut et al., 2014). 
 
5.4 Results 
5.4.1 Demographics  
All 11 green sea turtles necropsied were confirmed to have coccidial infections. The 
animals were from a range of age and size classes (Table 5.1). The majority (n=8) of 
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these turtles were stranded in an area between Beachmere (27°7’43, 153°3’06) and Bribie 
Island (27°4’32, 153°9’49). Of the remaining three, two were found to the north of this area 
on the Sunshine Coast (Golden (26°48’55, 153°7’59) and Teewah (26°16’37, 153°3’59) 
beaches) with the final turtle to the south at Sandgate (27°18’43, 153°4’10). Only two 
turtles were classed as small immature (juveniles), with the majority being classed as large 
immature (sub-adults) or mature (adults). More female turtles (8) were presented than 
male (3).  
 
Table 5.1 Sex, age class, locality and morphometric data for turtles with confirmed 
coccidiosis. 
Turtle ID Sex CCL Weight Condition Age Class Stranding locality PCR 
AZ55579 F 82.0 n/a Fair/good Sub-adult Woorim Beach, 
Bribie Island 
Br*, St*, Lu* 
AZ55627 F 94.5 52.0 Poor Adult Golden Beach, 
Caloundra 
Br*, GIT, Li, Lu, Pa, 
Thy*, Sp^, Ki^, He 
AZ55712 F 72.0 n/a Poor Sub-adult Beachmere Br* 
AZ55763 F 105.0 90.0 Good Adult Sandgate Beach Br*, SI*, Ki, Sp, Li, 
He, Lu, Thy 
AZ55836 F 82.0 n/a Good Sub-adult Beachmere Br* 
AZ55888 F 45.5 n/a Poor Juvenile Red Beach, Bribie 
Island 
Br* 
AZ56016 F 65.0 29.0 Fair/poor Sub-adult Sandstone Point Br* 
AZ56054 M 79.0 n/a Poor Sub-adult Beachmere Br* 
AZ56124 M 71.3 n/a Good Sub-adult Bribie Passage Br, St, Sp, Ki, He, Li, 
SI^, Thy, Pa, Lu 
AZ56143 F 52.7 13.8 Poor Juvenile Godwin Beach Br* 
AZ56168 M 92.0 72.0 Fair/poor Adult Teewah Beach  Br*, Ki* 
* denotes positive PCR result from which a sequence was obtained.  
^ denotes positive PCR result with no sequence.  
CCL is given in centimetres while weight is given in kilograms.  
Abbreviations: F = female, M = male, CCL = curved carapace length, Br = brain, St = stomach, Lu = lung, Li = liver, Pa = 
pancreas, Thy = thyroid, Sp = spleen, Ki = kidney, He = heart, SI = small intestine, GIT = gastrointestinal tract. 
 
5.4.2 PCR and molecular characterisation 
Positive PCR results for Coccidia were obtained from various tissues from all 11 turtles. In 
each case, brain tissues were tested along with other tissues where available (Table 5.1). 
Fifteen sequences were collected from 10 of the 11 confirmed infected turtles (Table 5.1). 
Ten sequences were obtained from brain tissue, and one each from stomach, small 
intestine, lung, kidney and thyroid tissue. Additional positive results were obtained from a 
kidney, spleen and small intestine sample, however, attempts at sequencing were not 
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successful in these cases. Two distinct genotypes were identified. The first and most 
common genotype was obtained from all positive brain and gastrointestinal samples, as 
well as the lung sample. The kidney and thyroid sequences related to a second genotype. 
In both turtles in which this second genotype was identified, the first genotype was present 
in the brain. The two genotypes varied by 34/920 examined bases (96.3% similarity). 
Within Genotype 1, sequences varied by a maximum of four bases, whereas the two 
examples of Genotype 2 were identical apart from a single ambiguous base in one 
sequence.  
 
A BLASTN search indicated that the closest match to Genotype 1 was Schellackia 
orientalis (Genbank accession KC788221.1, 98.7% similarity), a coccidian infecting Asian 
lizards (Telford, 1993). Genotype 2 most closely matched two species of Eimeria from 
Australian marsupials - E. setonicis (Austen et al., 2014) (quokka - KF225639.1, 96.25% 
similarity) and E. trichosuri (O'Callaghan and O'Donoghue, 2001; Power et al., 2009) 
(possum - FJ829322.1/FJ829320.1, 96.25% similarity). The maximum likelihood (Figure 
5.1) and Bayesian inference (Figure 5.2) trees showed similar topology. Two major clades 
were formed; the first was comprised of species from the Eimeriidae and Lankesterellidae, 
while the second contained the cyst forming Coccidia from the families Sarcocystidae, 
Barrouxiidae and Calyptosporiidae. Both green turtle genotypes fell in the first clade, which 
itself is comprised of two major clades.  The Schellackia and green sea turtle coccidian 
Genotype 1 form one clade, while the eimeriid coccidians along with Lankesterella minima 
(Lankesterellidae) and green sea turtle Genotype 2 formed the second clade. Both 
analyses indicated that Genotype 1 was more similar to Schellackia spp. than to Genotype 
2, however, Schellackia species were more closely related to each other than to either 
green sea turtle genotype, suggesting that the latter may form their own related genus or 
genera. Representative sequences were submitted to Genbank (Genotype 1 accession 
number KT361639; Genotype 2 - KT361640).  
100 
 
 
 
 
Figure 5.1 Maximum likelihood analysis of 18S partial sequences from Coccidia of green sea turtles relative to a range of eimeriid, lankesterellid and cyst-forming 
coccidians. Numbers at each node represent bootstrap support values expressed as a percentage rounded to the nearest whole number. Scale-bar indicates the 
number of nucleotide substitutions per site. Species names are preceded by Genbank accession numbers, and definitive hosts follow in parentheses.  
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Figure 5.2 Bayesian inference analysis of 18S partial sequences from Coccidia of green sea turtles relative to a range of eimeriid, lankesterellid and cyst-forming 
coccidians. Numbers at each node represent posterior probability values as a percentage rounded to the nearest whole number. Scale-bar indicates the number of 
nucleotide substitutions per site. Species names are preceded by Genbank accession numbers, and definitive hosts follow in parentheses.  
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5.4.3 Clinical Presentation and Gross Pathology 
Turtles presented for necropsy had been examined by the receiving veterinarian at the 
relevant hospital prior to death or euthanasia, and were generally reported to be lethargic, 
minimally responsive and weak. Several were unable to dive, and at least half displayed 
neurological disturbance; e.g. circling, head tilt and inability to maintain level orientation in 
water. Rehabilitation facilities did not report diarrheic faeces, however, turtles were often 
only in care for a short period before death or euthanasia. 
 
On necropsy, blood vessels associated with the gastrointestinal tract and adjacent 
mesentery were commonly engorged. In one case, parts of the intestinal mucosa showed 
a red discoloration. Gut fill appeared normal in the majority of cases; but 3 turtles had 
tightly packed digesta, predominantly in the crop/stomach. No other abnormalities were 
observed. The examination of a faecal sample and gut scrapings from one individual 
(AZ56124) failed to yield any oocysts. 
 
5.4.4 Histopathology 
Tissues from 10 turtles returning positive PCR results for apicomplexan infection were 
submitted for histopathologic examination. In six of these (AZ56168, AZ56143, AZ56016, 
AZ55888, AZ55763, AZ55712) basophilic protozoal organisms (merozoites ≤1 µm or 
meronts 30 – 80 µm – Figure 5.3a) were visible in the brain with moderate to severe 
associated granulomatous encephalitis. Encephalitis was evident in two further individuals 
(AZ56124, AZ55836) but the causative agent was not readily visible. Typically, multifocal 
pyogranulomas measuring approximately 80 µm and with necrotic centres were present 
(Figure 5.3b), although in one turtle (AZ56143) these were considerably larger (up to 500 
µm). In each case, the neuropil contained populations of gitter cells, which varied from 
scattered to locally dense. Perivascular cuffing of vessels within the meninges or neuropil 
was observed in two individuals (AZ56168, AZ56016) with moderate populations of 
lymphocytes. Spongiosis (oedema) within the neuropil was evident in AZ55712 and 
AZ55888, with occasional degenerate and swollen axons (spheroids) present in affected 
white matter. 
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Figure 5.3 Histological views of green sea turtle Coccidia a) Typical meront arrangement (arrow) in the brain 
of a green turtle (56168) HE, bar = 65µ; b) granuloma (g) associated with meronts (arrow) in the brain 
(56168). HE, bar = 260µ; c) Aggregation of merozites (arrow) in the thyroid (56168). HE, bar = 175µ; d) 
meronts (black arrows) and macrogametes (white arrows) within the intestinal epithelium (56143). HE, bar = 
65µ.  
 
One individual (AZ56168) with severe meningoencephalitis also showed inflammation of 
the kidneys and thyroid, with associated basophilic protist stages. Interstitial fibrosis and 
lymphoplasmacytic inflammation were evident in both kidneys, although protists were only 
discernable in one. Although the identity of these protist stages could not be determined 
visually, PCR confirmed the presence of Coccidia (Genotype 2). Within the thyroid, a 
multifocal to locally extensive interstitial population of lymphocytes, macrophages and 
likely heterophils was evident, with a nearby aggregate of protist stages (Figure 5.3c); 
tissue was not available for PCR testing. A second turtle (AZ55888) with confirmed 
coccidial infection of the brain also showed notable inflammation of the pancreas, liver, 
thyroid and kidneys, but no protists were visible and tissue was not available for PCR 
testing. 
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Despite positive PCR results, no significant brain pathology was noted in the remaining 
two turtles. However, one (AZ55627) had granulomatous pneumonia associated with 
zoites. No protozoal elements could be found in the final individual (AZ56054), although 
chronic nephritis was evident.  
 
Of nine turtles where gastrointestinal samples were examined, enteritis was observed in 
four (AZ56124, AZ56143, AZ56016, AZ55712) the latter two of which had visible meronts 
and likely gametogenous stages within cells of the epithelium and/or lamina propria of the 
crop or intestine (Fig 3d). Enteritis was often necrotising and included the intestines as well 
as the crop (ingluvitis). 
 
5.5 Discussion 
This is the first molecular characterisation of Coccidia infecting green sea turtles. Given 
the role of these organisms in mass mortalities in the south-east Queensland region, 
greater understanding of their life cycles, epidemiology and pathogenesis is of high 
interest to those involved in turtle conservation. Molecular data provide valuable and 
sensitive tools in parasite detection and identification, and can assist in epidemiological 
studies. Efficient and reliable diagnosis is an essential tool in the surveillance and 
management of disease, and blood based molecular techniques have been successfully 
used for the detection and diagnosis of other coccidian infections (e.g. Toxoplasma gondii 
(Liu et al., 2015) and Sarcocystis sp.(Heckeroth and Tenter, 1999)). Information resulting 
from this study may be of use in the development of similar diagnostic tests for green turtle 
Coccidia. This would be an invaluable asset in epidemiological investigation of outbreaks, 
as well as in monitoring of treatment regime efficacy, and for rehabilitation facility 
management (e.g. quarantine). 
 
The histomorphology of coccidial stages associated with Genotype 1 closely resembles 
those from the 1991 QLD outbreak (Gordon et al., 1993). Gordon et al.(1993) reported that 
oocysts examined during their study resembled those originally described for C. cheloniae 
(Leibovitz et al., 1978). Caryospora cheloniae, the only coccidian formally reported from 
green sea turtles to date, is currently classified within the family Eimeriidae. Eimeriid 
coccidians are typically monoxenous parasites of the gastrointestinal tract (Ball et al., 
1989; Levine, 1988; Perkins et al., 2000). Presence within extra-intestinal tissues of the 
primary host, while occasionally reported, is exceptional for this family (Novilla et al., 1981; 
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Pellerdy, 1974). However, eimeriid species occurring in poikilothermic primary hosts (e.g. 
fish and reptiles) appear more likely to utilise extra-intestinal sites for development, and 
also to adopt heteroxenous life cycles (Overstreet, 1981). For coccidians (both eimeriid 
and non-eimeriid) with extra-intestinal life stages, the use of an intermediate host is 
common (Perkins et al., 2000). Infective stages of some species, for example Toxoplasma 
gondii and Neospora caninum, encyst in various tissues of intermediate hosts, and are 
passed on to a definitive host upon predation. In others (e.g. lankesterellids), infective 
sporozoites invade leukocytes or erythrocytes, and are subsequently ingested by 
haematophagous ectoparasite intermediate hosts and are subsequently transferred to new 
hosts. In some cases, including a number of species of Caryospora, heteroxenous life 
cycles are facultative (Barta et al., 2001; Lindsay and Sundermann, 1989). The primary 
host may be infected through the traditional eimeriid route of ingestion of oocysts from the 
environment, or alternatively through ingestion of an infected intermediate (or paratenic) 
host. In previously reported cases of C. cheloniae infection, oocysts were excreted via the 
traditional faecal route (Gordon et al., 1993; Rebell et al., 1974). The presence of the 
extra-intestinal stages seen here may suggest a more complex multi-faceted life cycle. 
Infection of Caryospora species within extra-intestinal tissues generally occurs in the 
intermediate host, rather than the definitive host (Ball et al., 1989; Lindsay and 
Sundermann, 1989). The coccidians implicated in these green sea turtle cases therefore 
do not appear to show a typical eimeriid life history; whether they are life cycle dead-ends 
or lead to further transmission remains to be determined. Extra-intestinal phases in the 
definitive host (turtle) account for the unique neurological signs observed and may be 
indicative of adaptation to the aquatic environment and use of an intermediate/paratenic 
host (Overstreet, 1981). Given that wild sea turtles are wide ranging and do not generally 
form dense, highly interactive populations, use of an intermediate host may facilitate the 
observed sudden spikes in infection numbers.   
 
Phylogenetic analyses suggest that, of the taxa for which sequences are available, at least 
one of the green sea turtle Coccidia (Genotype 1) is most closely related to species of 
Schellackia (Lankesterellidae) as opposed to the Eimeriidae. While unexpected, such 
results are not unprecedented in phylogenetic investigations of Coccidia. Intraerythrocytic 
protists found in marsupials, initially identified as species of Hepatozoon based on their 
morphology, have been demonstrated to be more closely related to the Sarcocystidae 
(Merino et al., 2010; Merino et al., 2008; Zhu et al., 2009). Caryospora bigenetica and 
Lankesterella minima were contained within the broader eimeriid clade, though their exact 
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positioning varied; the relationship between these two species, and their paraphyletic 
positioning relative to the eimeriids, has previously been investigated by Barta et al. 
(2001), however, with only modest support. Although L. minima and Schellackia spp. are 
both members of the Lankesterellidae, there is strong bootstrap support here (100%) for L. 
minima’s position and subsequent polyphyly of Schellackia. Another Caryospora sequence 
included in the analysis (KJ634019.1– Kookaburra)(Yang et al., 2014) has been placed 
with the cyst forming coccidians. Hence, the so-named Caryospora species considered 
here cluster with multiple families of Coccidia. The species of Caryospora (and the 
Eimeriorina as a whole) require further work to clarify their classifications and 
relationships. Unfortunately, to date no genetic data for the type species of Caryospora, C. 
simplex (a parasite of Eurasian vipers), is available in public databases. Ultimately, the 
green sea turtle coccidians may require their own genus or genera.  
 
Pairwise distance analysis suggests that the genetic distance between the two green sea 
turtle coccidian genotypes is greater than observed between some species pairs from 
other genera, e.g. Schellackia and Eimeria. The distance observed between the two 
genotypes was greater than that observed between Genotype 1 and several species of 
Schellackia. Additionally, differences in tissue predilections between the two variants were 
evident; all brain and gastrointestinal tract sequences were associated with Genotype 1, 
while Genotype 2 was isolated from kidney and thyroid samples. This distinction is 
consistent with the interpretation that the two genotypes represent distinct species with 
potentially distinct life histories. This information will be significant in the development of 
future diagnostic tests and treatment regimes, and also demonstrates the ability of 
molecular data to distinguish between closely related species where histological 
examination does not readily reveal morphological distinctions. Further studies will be 
required, including detailed morphological examination using tools such as transmission 
electron microscopy in order to properly describe these two putative species and their 
relative roles in green sea turtle mortality events.  
 
The first reports of C. cheloniae outbreaks in maricultured green sea turtles from Grand 
Cayman Island (Leibovitz et al., 1978; Rebell et al., 1974) made no mention of 
neurological impacts in their clinical accounts, but report significant gastrointestinal 
pathology. Besides a consistent presence of enteritis, neurological signs were reported 
from several affected turtles during the 1991 event in Queensland (Gordon et al., 1993). Of 
the cases investigated in the present study, neurological disturbance along with lethargy 
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and weakness were the prevalent clinical signs. Coccidial meronts in the brain were 
commonly observed during both Queensland studies, however no histopathological 
examination of the brain was mentioned in Grand Cayman. Further comparative analyses, 
including molecular characterisation, is required to establish whether mortality events 
occurring in the two regions are attributable to the same Coccidia species, or if other 
factors (e.g. environmental or host factors) may be responsible for the apparent variation 
in pathogenic effects.  
 
Development of Coccidia in tissues of poikilotherms has been shown to be temperature 
dependent (Overstreet, 1981). The two major coccidial epizootics in Moreton Bay both 
occurred in the spring months. With water temperatures rising at this time after low winter 
temperatures, it is possible that atypical fluctuations in water warming patterns may 
influence coccidial development and replication rates. Similarly, seasonal factors may 
favour population booms or increased activity in potential invertebrate intermediate hosts. 
Other biotic (e.g. algal assemblages) and abiotic (e.g. water quality, flow regimes, 
currents) factors are also influenced by season and may affect parasite-host dynamics. 
 
Coccidiosis in green sea turtles remains an understudied disease that has a significant 
impact on populations in southern Queensland. The data presented here demonstrates 
that there is much to learn about the causative organisms, as well as the taxonomy and 
phylogeny of the Coccidia in general. Further sequencing of organisms in future outbreaks 
may reveal additional genotypes, resulting in the potential for development of more refined 
diagnostic tools and pathological and epidemiological studies and improved capacity to 
understand and manage future outbreaks. 
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Chapter 6 Detection of parasitic infections (Neospirorchis spp. and Caryospora 
spp.) in the green sea turtle (Chelonia mydas) by real-time polymerase chain 
reaction 
6.1 Abstract  
Infectious diseases have significant effects on populations of endangered green sea turtles 
(Chelonia mydas), but the factors influencing the apparent spatial and temporal 
fluctuations in these diseases are poorly understood. Two groups of parasites cause 
disease and mortality in green sea turtles: the blood flukes of the family Spirorchiidae and 
variants of the coccidian species Caryospora cheloniae. Along with C. cheloniae, 
spirorchiids of the genus Neospirorchis have been associated with neurological 
impairment and ultimately death of their host, meaning that efficient and specific diagnostic 
tools are critical in correctly identifying and effectively managing the diseases. Diagnostic 
options for both parasites have traditionally been limited to visual methods (gross 
necropsy, histology or coproscopy) or more recently, conventional non-quantitative PCR. 
Molecular techniques provide significant improvements over visual diagnostic methods, 
with quantitative real time PCR providing dramatically improved sensitivity and specificity 
and being commonly utilised as an investigative and diagnostic tool for various parasitic 
diseases in humans and animal species. This study describes the first real-time PCR 
assay designed to detect these parasites in green sea turtles. The assay successfully 
detected and differentiated between the two parasites of interest in a range of tissues, but 
was unable to detect parasite DNA in blood products. Run as a multiplex for efficient 
simultaneous detection of both Neospirorchis spp. and Caryospora spp., this assay 
provides a rapid and specific tool that is both cost and time efficient in detecting parasites 
in the event of disease outbreaks or in studies of epidemiology or pathology. 
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6.2 Introduction 
Populations of the green sea turtle (Chelonia mydas), a species of worldwide conservation 
concern, have faced decline as a result of various threatening processes. Infectious 
diseases are a major cause of mortality (Flint et al., 2010; Meager and Limpus, 2012; 
Work et al., 2004; Work et al., 2015). Their occurrence appears to vary spatially and 
temporally, though our understanding of the driving factors behind these fluctuations is 
limited. Environmental pollution and degradation (Aguirre and Lutz, 2004; Flint et al., 
2015b), seasonal and climatic changes (Burge et al., 2014; Harvell et al., 1999; Harvell et 
al., 2002; Lafferty, 2009; Ward and Lafferty, 2004), and habitat variations are likely to 
contribute. However, difficulties in the detection and surveillance of some diseases 
restricts the capacity to estimate their impacts on turtle populations. 
 
Two parasite groups are noted for their effects on green sea turtle populations. The blood 
flukes of the family Spirorchiidae are common parasites infecting the cardiovascular and 
central nervous systems of their host. Six genera are known to infect green sea turtles, 
although members of the genus Neospirorchis are of particular interest. Adult 
Neospirorchis spp. are generally filiform and microscopic, and occur almost universally 
among stranded turtles in some regions (Chapman et al., 2016b; Gordon et al., 1998; 
Stacy et al., 2010a). They are commonly present within the central nervous system 
(Chapman et al., 2016b; Gordon et al., 1998; Stacy et al., 2010a) and have been 
associated with neurological deficits (Flint et al., 2010; Jacobson et al., 2006) which, if not 
directly leading to the death of the animal, may predispose to misadventure (e.g. boat 
strike, predation). However, histological evidence suggests that they also occur in many 
turtles without any apparent ill effect (Flint et al., 2010; Gordon et al., 1998; Stacy et al., 
2010a). The factors that induce these infections to progress to clinical disease and death 
are not currently understood. 
 
The second parasite of note, the eimeriid coccidian Caryospora cheloniae, historically 
occurs at a low prevalence in the Queensland region (Flint et al., 2010), but has been 
associated with significant epizootic events both in wild Queensland populations 
(Chapman et al., 2016a; Gordon et al., 1993) and in captive populations further afield 
(Rebell et al., 1974). Initially considered to be a single species, recent molecular evidence 
suggests multiple species or variants exist (Chapman et al., 2016a). The clinical effects 
appear to vary based on locality and outbreak, however, in addition to gastrointestinal 
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signs such as diarrheic faeces (Gordon et al., 1993; Rebell et al., 1974), neurological 
deficits are commonly observed (Chapman et al., 2016a; Gordon et al., 1993). In this 
respect, coccidian infections may initially present in a manner similar to 
neurospirorchiidiosis, requiring diagnostic approaches in addition to overt clinical signs to 
quickly differentiate between the two parasites. Whereas Neospirorchis spp. appear to be 
endemic in many regions, Caryospora infections cause sporadic mass mortality events, 
and the ability to quickly and accurately identify these events is essential in their 
investigation and management, and in the development of therapeutic protocols.  
 
Currently, diagnostic options for both parasites are limited. Infections commonly progress 
quickly and often go undiagnosed until post-mortem and histopathological examination; 
however, visual techniques lack sensitivity relative to molecular methods (Chapman et al., 
2016b). Clinical ante-mortem diagnosis for both spirorchiids and Coccidia currently relies 
on coproscopic methods but these have notable disadvantages. Shedding of ova or 
oocysts may not always bear a direct relationship to the size of the infection (De Bont et 
al., 2002; Villanua et al., 2006), and faecal samples are frequently not practicably 
obtainable. Repeated sampling may be required to achieve sufficient sensitivity, and 
specific visual identification of different species, strains and subtypes is often not possible. 
As such, there is a need for the development of specific and efficient diagnostic tools for 
spirorchiid and coccidian infections. 
 
Molecular techniques such as real-time polymerase chain reaction (PCR offer sensitive 
and specific options for the detection of parasite infections related to those considered 
here, including schistosomiasis (Cavalcanti et al., 2013; Gentile et al., 2011; Lier et al., 
2008; Wang et al., 2011; Wichmann et al., 2009), cryptosporidiosis and giardiasis 
(Ricciardi and Ndao, 2015; Verweij et al., 2004; Verweij and Stensvold, 2014) and 
toxoplasmosis (Liu et al., 2015). At present, molecular tools for identification of Caryospora 
spp. in turtle tissue (Chapman et al., 2016a) and spirorchiids in turtle tissues (Chapman et 
al., 2015) both consist of conventional PCR, requiring confirmation through visualisation of 
PCR products on gel electrophoresis followed by DNA sequencing or restriction enzyme 
digest. PCR T-RFLP, although capable of detecting and differentiating between eleven 
species of spirorchiids in turtle tissue, has a turn-around time of several days (Chapman et 
al., 2016b). No rapid, high-throughput assays exist for detection of either Neospirorchis 
spp. or Caryospora spp. Here, we describe a multiplex Taqman™ real-time PCR assay 
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designed to detect these parasites in green sea turtles and explore the potential use of the 
assay for both ante- and post-mortem diagnosis.  
 
6.3 Materials and Methods 
6.3.1 Samples and reference material 
Between 2011 and 2014, post-mortem examinations were undertaken on green sea turtles 
obtained from the rehabilitation facilities at Australia Zoo Wildlife Hospital and Underwater 
World - Sea Life Mooloolaba, as well as through government agencies (Queensland Parks 
and Wildlife Service – QPWS). Samples of turtle tissues containing Coccidia and/or 
spirorchiid ova were collected and stored in 70% ethanol at 4°C. Where possible, blood 
was collected from the cervical dorsal sinus of turtles prior to euthanasia. Otherwise, blood 
was collected from the heart during necropsy. Blood was collected in tubes containing 
lithium heparin or EDTA as anticoagulants. All activities were completed under the 
necessary permits and approvals, i.e. Queensland Marine Parks permit no. 
QS2011/CVL1414 and Scientific Purposes Permit no. WISP09021911, and The University 
of Queensland Animal Ethics Committee approval SVS/037/11/ARC/DERM/AUSTZOO.  
 
6.3.2 Extraction of DNA from tissues 
DNA was extracted from tissues and blood products using the DNeasy Blood and Tissue 
kit (Qiagen, Hilden, GER) as per the manufacturer’s instructions, except that the samples 
were homogenised using 1 g of 0.5 mm Zirconia/Silica beads (Daintree Scientific, 
Tasmania, Australia) in a Biospec Mini-Beadbeater for 3 minutes followed by the 
incubation step. AL buffer (200 µl) was then added to the supernatant and extraction 
continued as per DNeasy kit instructions. DNA was eluted in 100 µL buffer AE. 
 
6.3.3 Real-time Taqman PCR assay 
A Taqman™ probe real-time PCR was designed to target the 28S rRNA region of 
Neospirorchis spp. (Genbank  KU600072.1 - KU600074.1) (Chapman et al., 2016b) and 
18S region of both variants of C. cheloniae (Genbank KT361640.1, KT361639.1) 
(Chapman et al., 2016a). Details of primers and probes are given in Table 6.1.  
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Table 6.1. Oligonucleotide primers and probes for multiplex PCR to detect Neospirorchis 
spp. and Caryospora spp.  
Oligonucleotides 5' - 3' Product size 
Neospirorchis spp. NFRT1 - Forward  TGCTGTCTGTCTGCTGTG 176 bp 
 
NRRT3 - Reverse CGGCTTTGGTGTGTGCG 
 
 
NeoRPr1 - Probe* 6FAM-TGATCGGGATGGCAGGTAGCT-MGBNFQ 
 
Caryospora spp. CFRT1 - Forward GAAAACAGTTTCGAGGTAGTGA 104 bp 
 
CRRT2 - Reverse CTTTCAGAGTAACAATTGGAGG 
 
 
CaryRPr1 - Probe* VIC -TGTAATTGGAATGATGGGAATCCA-MGBNFQ 
 
*probes synthesised as reverse complement. 
 
Primers and probes were designed to be specific by alignment and comparison with 
representative sequences from other related digeneans (i.e. Spirorchiidae, 
Schistosomatidae) and coccidians (i.e. Eimeriidae, Sarcocystidae, Cryptosporidae). 
Reactions were run at a 25 µL total volume and comprised of 12.5 µL 2x Rotor-Gene 
Multiplex PCR Master Mix (Qiagen, Hilden, GER), 160 µM of each probe, 900 µM 
(Caryospora sp.) and 600 µM (Neospirorchis sp.) of each forward and reverse primer, and 
25 ng of DNA template with the remainder made up of nuclease-free water. Each sample 
was run in duplicate, with a Eukaryotic 18S rRNA Endogenous Control kit (VIC/MGB - 
Applied Biosystems) run in a third tube to confirm presence of amplifiable DNA. Reactions 
were run in a Qiagen Rotor Gene 6000 thermal cycler with the following protocol: initial 
Taq polymerase activation for 5 minutes at 95°C, followed by 40 cycles of denaturation at 
95°C for 15 seconds and annealing at 60°C for 1 minute. For construction of standard 
curves, purified PCR amplicons generated from positive control rDNA for each parasite 
were quantified by spectrophotometry (NanoDrop – Delaware, USA) and 10-fold dilutions 
were completed from 10-1 to 10-9. The specificity of the assay was tested using DNA from 
closely related non-target spirorchiids and Coccidia (i.e. Hapalotrema spp., Carettacola 
hawaiiensis, Toxoplasma gondii, Eimeria sp., and Cryptosporidium parvum).  
 
6.3.4 Statistical Analysis 
Efficiency, R2 and CT values were calculated from the curve using Rotor Gene Q Series 
Software V2.2.3. The level of agreement between results from previous conventional PCR 
assays (Chapman et al., 2016a; Chapman et al., 2016b) and the real-time PCR were 
assessed by calculating the kappa statistic for concordance. Analyses were performed 
using STATA version 13.1 (StataCorp, Texas, USA). 
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6.4 Results 
6.4.1 Samples 
A total of 48 samples were tested, consisting of a range of tissue and blood samples 
collected from a total of 23 C. mydas (Table 6.2) from the coastal area between Gladstone 
and the Gold Coast, Queensland. Samples collected varied between turtles. Tissues 
included brain, liver, heart, lung, gastrointestinal tract, kidney, thyroid, spleen and gall 
bladder, while blood products tested included whole blood, clots and plasma. 
Table 6.2 Comparison of results of conventional (cPCR) and real-time PCR (qPCR) 
testing of assorted tissues collected from C. mydas. 
Sample ID Sample type 
Neospirorchis spp. Caryospora spp. 
cPCR Av. qPCR CT cPCR  Av qPCR CT 
C. mydas AZ54622 kidney pos 27.99 na neg 
C. mydas AZ54622 liver pos 32.14 na neg 
C. mydas AZ54622 heart pos 31.01 na neg 
C. mydas AZ54622 spleen pos 29.50 na neg 
C. mydas AZ54631 brain pos 31.18 neg 34.62 
C. mydas AZ54631 GIT neg neg neg 34.51 
C. mydas AZ54631 liver neg neg na 35.53 
C. mydas AZ55080 brain pos 23.58 neg neg 
C. mydas AZ55476 brain pos 23.24 neg neg 
C. mydas AZ55476 whole blood  na neg na neg 
C. mydas AZ55579 brain pos 24.09 pos 22.59 
C. mydas AZ55579 lung pos 28.77 pos 30.90 
C. mydas AZ55579 GIT pos 32.36 pos 25.79 
C. mydas AZ55623 brain pos 25.19 neg 34.17 
C. mydas AZ55627 brain pos 29.43 pos 27.44 
C. mydas AZ55627 GIT pos neg neg neg 
C. mydas AZ55631 brain neg neg na neg 
C. mydas AZ55712 brain pos 29.68 pos 25.90 
C. mydas AZ55763 brain pos 28.57 pos 24.00 
C. mydas AZ55763 GIT pos 38.03 pos 26.08 
C. mydas AZ55763 kidney pos 28.00 neg 34.63 
C. mydas AZ55763 liver pos neg neg 33.91 
C. mydas AZ55763 lung pos 30.04 neg neg 
C. mydas AZ55763 heart pos 33.91 neg 37.39 
C. mydas AZ55763 thyroid pos 30.92 neg neg 
C. mydas AZ55836 brain pos 25.47 pos 26.12 
C. mydas AZ55888 brain pos 23.80 pos 22.23 
C. mydas AZ56016 brain pos 28.86 pos 25.24 
C. mydas AZ56016 whole blood  na neg na neg 
C. mydas AZ56054 brain pos 23.83 pos 26.70 
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C. mydas AZ56124 brain pos 28.00 neg 32.55 
C. mydas AZ56124 whole blood  na neg na neg 
C. mydas AZ56168 brain pos 29.91 pos 27.01 
C. mydas AZ56168 kidney pos 33.22 pos 22.99 
C. mydas AZ56168 whole blood  na neg na neg 
C. mydas AZ56143 whole blood   na neg na neg 
C. mydas AZ56979 lung neg 26.52 na neg 
C. mydas AZ56980 brain pos 24.56 neg neg 
C. mydas AZ57489 brain neg neg neg neg 
C. mydas GT0711 clot na neg na neg 
C. mydas GT0811 clot na neg na neg 
C. mydas GT2811 clot na neg na neg 
C. mydas GT2811 plasma na neg na neg 
C. mydas GT6011 brain pos 22.14 na neg 
C. mydas GT6011 plasma na neg na neg 
C. mydas QA43044 GIT neg 37.42 na neg 
C. mydas QA43044 clot na neg na neg 
C. mydas UWW14-607 whole blood  na neg na neg 
Cryptosporidium parvum DNA na neg na 38.13 
Eimeria sp. (sheep) DNA na neg na 33.34 
Toxoplasma gondii DNA na neg na neg 
Hapalotrema postorchis DNA na neg na neg 
Hapalotrema postorchis 2 DNA na neg na 36.54 
Hapalotrema synorchis DNA na 35.46 na 38.41 
Neospirorchis sp. DNA na 30.53 na neg 
Carettacola hawaiiensis DNA na neg na neg 
Learedius learedi DNA na neg na neg 
Hapalotrema pambanensis DNA na neg na neg 
 
 
 
6.4.2 Analytical specificity and sensitivity of qPCR 
The assay successfully amplified DNA from both Neospirorchis spp. and Caryospora spp. 
(Table 6.2). Minimum detection limits were 0.231pg (Neospirorchis spp.) and 0.712fg 
(Caryospora spp.), with CT values of 30.78 and 30.30 respectively at a fluorescence 
threshold of 0.10 RFU. Cut-off CT values of 33 (Neospirorchis) and 31 (Caryospora) were 
determined based on lowest detection limits. The slope of the standard curve was used to 
calculate efficiency values of 0.89 (R2 0.997) for Neospirorchis spp. and 0.97 (R2 0.997) for 
Caryospora spp. An increase in CT values was observed when duplexing the PCR, 
particularly in the case of Neospirorchis (Figure 6.1). DNA from non-target parasites did 
not amplify, or gave CT values above the cut-off value (Table 6.2).   
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Figure 6.1 Comparison of efficiency between singleplex and multiplex PCR using serial dilutions of purified 
PCR product for each product. Starting concentrations (Dilution 1) of purified PCR product were as follows 
Singleplex/Multiplex: Neospirorchis 51.8 / 23.1 ng, Caryospora 138.8 / 71.2 ng. 
 
A frequency analysis of CT values (Figure 6.2) from the multiplex assay found a range of 
22 to 38 and 37 for Neospirorchis spp. and Caryospora spp. respectively. 
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Figure 6.2 Frequency analysis of CT values for Neospirorchis spp. and Caryospora spp. in multiplex assay. 
 
6.4.3 Detection of parasites in samples 
The assay successfully detected parasites in a variety of tissue types, with CT scores as 
low as 22 for each target (Table 6.2). No positive results were obtained from blood 
products despite successful 18S amplification in control reactions. A comparison of 
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conventional PCR and real-time PCR results for 36 tissues tested for Neospirorchis spp. 
(Table 6.2) found that the results were in agreement 83% of the time (kappa = 0.53). For 
Caryospora spp., the results were in concurrence for 100% of the 27 compared samples 
(kappa = 1.00).  
 
6.5 Discussion 
The assay described here provides a rapid and efficient means of detecting and 
differentiating parasites causing disease in green sea turtles. The ability to multiplex these 
two assays for the most significant parasites affecting green sea turtles allows 
considerable savings in time and cost where both parasites are of interest, considering 
that each sample must be run in duplicate (as a minimum) and with an internal 
control/housekeeping gene. However, both assays may run as a simple singleplex where 
only one parasite is of interest. Previously, detection of these parasites relied on 
coproscopy, histology, conventional PCR and sequencing, or recently, for spirorchiids, 
Terminal-Restriction Fragment Length Polymorphism (T-RFLP) (Chapman et al., 2016b). 
While the latter approach represents significant progress in terms of specificity, multiplex 
real-time PCR provides more efficient option for identifying parasites and investigating 
their associated disease, with results available in less than one day. Rapid diagnosis is 
essential in responding to disease outbreaks, as has been seen with both coccidiosis 
(Chapman et al., 2016a; Gordon et al., 1993; Rebell et al., 1974) and neurospirorchiidiosis 
(Jacobson et al., 2006). In some cases, turtles are dead for an extended period prior to 
collection and examination, and histology may be of limited value due to tissue 
degeneration. These assays were found to be effective on tissues that had been subject to 
autolysis which rendered them unsuitable for histopathological examination; the potential 
for use on significantly decomposed tissues (as are often presented by washed up 
carcasses) would be an interesting avenue of investigation.  
 
Spirorchiids are highly prevalent in green sea turtles, with Neospirorchis spp. found in up 
to 98% of stranded turtles (Chapman et al., 2016b; Gordon et al., 1998). However, the 
associated inflammatory lesions range from mild and incidental through to severe and 
potentially fatal (Flint et al., 2010; Stacy et al., 2010a). While the aetiology of spirorchiid 
infection is poorly understood, the size of the infection i.e. number of ova present is likely 
to be an important factor in the development of severe lesions. This assay provides a 
potentially semi-quantitative method of identifying parasites, which may be used to 
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compare the relative degree of infection in different lesions, tissues, and turtles, subject to 
further assessment of correlation with burdens observed on histopathology. Additionally, it 
offers a rapid and high throughput means of processing multiple samples in the event of 
epizootic events. The capacity to test for multiple parasites in one tube equates to savings 
in both time and reagent costs. 
 
Ante-mortem molecular diagnostic assays would be an invaluable tool in disease 
surveillance in wild populations, clinical diagnosis in rehabilitation facilities, and tracking 
responses to treatment regimes. Epizootic events have been recorded in association with 
both C. cheloniae (Chapman et al., 2016a; Gordon et al., 1998) and Neospirorchis spp. 
(Jacobson et al., 2006) and, given that both parasites present similarly in terms of clinical 
signs, the rapid and accurate identification of the parasite involved is critical in outbreak 
management. However, the assay was unable to detect DNA of either parasite in blood 
products. The control assay amplified turtle 18S DNA from all blood samples, indicating 
that failure to detect parasite DNA is most likely due to circulating levels of parasite DNA 
being below the minimum detection limit of the assay. In Schistosoma spp. infections, 
positive qPCR responses to blood products are generally achieved during the acute phase 
of infections (Wichmann et al., 2013; Zhou et al., 2011) where the initial host immune 
response leads to degradation of parasite stages and higher levels of circulating DNA. 
Furthermore, low parasitaemia for extra-intestinal stages of coccidians such as T. gondii 
limits the DNA-based molecular diagnostic value of blood for such infections (Liu et al., 
2015). Future studies may explore techniques to concentrate parasite DNA (e.g. 
spirorchiid ova) from blood samples prior to extraction of DNA. 
 
Conceivably, inhibitors in blood samples may have prevented the detection of low levels of 
parasite DNA (Schrader et al., 2012). Several blood samples used here were collected 
during post-mortem examinations, raising the possibility of decomposition and sample 
degradation. However, blood collected post-mortem has been demonstrated as a viable 
option for use in molecular tests (Hansen et al., 2014) and has successfully detected a 
range of infectious agents, for example Plasmodium falciparum (Berens-Riha et al., 2009; 
Palmiere et al., 2014) and the Ebola virus (Prescott et al., 2015). Future studies should 
further investigate the use of these assays in blood samples, and also in faecal samples 
as an alternative method of ante-mortem diagnosis and investigation of prevalence, 
epidemiology and parasite dispersal.  
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The multiplex real-time PCR assay was able to produce results more rapidly than 
conventional PCR, and positive/negative results were comparable between the two 
methods. On one occasion, a positive real-time PCR result was obtained from a sample 
that was negative on conventional PCR, which may be explained by conventional PCR 
reaction failure, or greater relative sensitivity of the real-time PCR assay. On three 
occasions, the real-time PCR did not amplify Neospirorchis spp. from PCR positive 
tissues, or gave a CT score above the cut-off value. These results may be a result of DNA 
sample degradation, despite successful control amplification of 18S DNA, or alternatively a 
false positive reaction from the conventional PCR. CT scores from multiplexed assays 
were generally higher than those obtained when assays were run in singleplex. This is 
likely to result from increased nonspecific interactions between primers (e.g. formation of 
primer dimers) which may consume reagents and reduce the rate of amplification of target 
regions, with the potential effect of reducing assay sensitivity. This appears to be the case 
for the Neospirorchis assay which yielded a lower detection limit when run as singleplex; 
however, multiplex sensitivity was still sufficient to detect infections of this parasite in turtle 
tissues.  
 
This study reports the first real-time PCR assays for the detection of two parasites of 
global concern in endangered green sea turtles. The assay described here represents the 
most rapid and cost efficient means presently available to detect parasites in a range of 
tissue samples, making it of significant benefit in the investigation of epidemiology and the 
dynamics of associated pathology. 
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Chapter 7 Discussion 
7.1 Introduction 
Parasitic infections are reported as a significant cause of disease and mortality in green 
sea turtles (Chelonia mydas), both in Queensland (Flint et al., 2015b; Flint et al., 2010; 
Glazebrook and Campbell, 1990; Glazebrook et al., 1989; Gordon et al., 1998; Gordon et 
al., 1993) and other locations around the world (Aguirre et al., 1998; Jacobson et al., 2006; 
Rebell et al., 1974; Santoro et al., 2007; Stacy et al., 2010a; Work et al., 2004; Work et al., 
2015). Despite this, and the progression of the parasitology discipline into the molecular 
era, relatively little has been done to explore genetic techniques for investigation of turtle 
parasites. Molecular characterisation of the parasites concerned provides a crucial basis 
from which to investigate these organisms and associated diseases in terms of diversity, 
epidemiology, and pathology and to develop specific and sensitive diagnostic tools. 
Two groups of parasites are recognised as causing significant injury in green sea turtles. 
Blood flukes of the family Spirorchiidae are present in the majority of stranded turtles in the 
Queensland region (Flint et al., 2015b; Flint et al., 2010; Gordon et al., 1998) with varying 
degrees of linked pathology, while the eimeriid coccidian Caryospora cheloniae is 
associated with periodic epizootic events (Chapman et al., 2016a; Gordon et al., 1993). 
Both Coccidia and certain species of spirorchiid have been associated with neurological 
impairment of their host, but require different treatment regimes for cure, meaning that 
specific diagnosis is critical in their treatment and study. These latter objectives have been 
hampered by an absence of specific and efficient ante-mortem diagnostic tools. Diagnosis 
to date has relied on visual methods such as coproscopy or necropsy/histology, which lack 
sensitivity and specificity and, in the case of necropsy/histology, are only applicable in 
dead animals. 
This study was successful in achieving the aims of the project, which included cataloguing 
the genetic diversity of spirorchiids and coccidians infecting green sea turtles within 
Queensland waters; developing new molecular tools to investigate disease epidemiology 
and pathology; and exploring the potential for use of molecular techniques in ante-mortem 
diagnostics. 
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7.2 Aim 1 - Catalogue the diversity of parasites affecting sea turtle populations 
within Queensland waters using molecular and morphological techniques (Chapters 
2 and 5) 
 
At the commencement of this study, no molecular characterisation of Queensland 
spirorchiids had been published and only a limited amount of sequence data was publicly 
available from other regions. Caryospora cheloniae had received even less attention, with 
no molecular data in public databases for any marine turtle coccidian. The initial goal of 
this project was to explore the genetic diversity of these parasites and establish a 
catalogue of parasite genotypes in the region, in order to facilitate future epidemiology and 
pathology studies and the development of molecular diagnostic tests.  
 
Parasites were collected from a number of green sea turtles, as well as several 
loggerhead (Caretta caretta) and hawksbill (Eretmochelys imbricata) turtles for 
morphological and molecular characterisation. A level of genetic diversity was detected 
among spirorchiids that was beyond that previously recognised through traditional 
morphological examination. The relatively well described genera such as the Hapalotrema 
demonstrated geographic genetic variation and potential cryptic speciation (Chapman et 
al., 2015)  when data from Queensland specimens was compared with sequences from 
the Atlantic (Stacy, 2008). Meanwhile, the Neospirorchis and Carettacola yielded multiple 
genotypes that did not match any of the available comparison sequences, indicating 
potential new species and/or variants. The first molecular characterisation of C. cheloniae 
was also completed (Chapman et al., 2016a), with evidence found for two separate 
species (cf. the single recognised species) with distinct tissue tropisms and therefore 
probable different impacts on the host. 
 
Collectively, this confirms that turtle parasites are more diverse than is immediately evident 
through traditional examination methods. Molecular techniques are therefore critical in 
identifying species and sub-types not only in cryptic and microscopic species, but also in 
larger and more easily collected species (e.g. Hapalotrema spp.). This diversity has direct 
implications for the study of aspects of disease caused by these parasites, including 
epidemiology, pathology and diagnosis. Correlating genotypes with pathology and clinical 
disease, particularly where parasites may be microscopic or fragile and therefore difficult 
to identify from morphology (Stacy et al., 2010a), can lead to the development of specific 
diagnostic tests for use in population health monitoring and rehabilitation.  
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7.3 Aim 2 - Develop molecular methods to detect and identify spirorchiid ova 
occurring in mixed infections of turtle tissues (Chapter 3) 
 
While adults of some spirorchiid genera are easily detected with the naked eye during 
necropsy, those of other genera are small, fragile and cryptic, which makes them difficult 
to identify from morphological features (Gordon et al., 1998; Stacy et al., 2010a). 
Spirorchiid ova are also microscopic and are a common observation on histological 
examination of turtle tissues, being present in between 75% and 98% of stranded 
Queensland green sea turtles (Flint et al., 2010; Gordon et al., 1998). They are often 
widely dispersed and may be present where adults have since become absent or are not 
readily visible (Flint et al., 2010). Ova are also commonly reported to cause inflammatory 
responses at varying levels in nearly all organs (Flint et al., 2015b; Flint et al., 2010; 
Gordon et al., 1998; Stacy et al., 2010a; Work et al., 2004; Work et al., 2015).  However, 
ova cannot be identified to species level based purely on morphology. The development of 
an assay to accurately identify the full suite of species and genotypes present in tissues 
was undertaken in order to more precisely investigate species occurrence rates and tissue 
tropisms, and to determine which species were associated with inflammatory lesions at 
different sites. The Terminal Restriction Fragment Length Polymorphism (T-RFLP) method 
proved to be simple, cost efficient and sensitive, with the further advantage of utilising 
equipment readily available in most molecular laboratories. It is able to differentiate and 
identify species where the common scenario of a mixed infection occurs, a limitation of 
standard PCR and sequencing. Molecular techniques are accepted as offering superior 
sensitivity over visual methods (Ndao, 2009). In a demonstration of the increased 
sensitivity of the T-RFLP assay over visual detection (histology), of 32 tissues where no 
ova were visually detected, 28 were found to be positive by T-RFLP. The specificity of the 
assay for the target spirorchiids indicates that false positives are unlikely to occur.  
Considering these results this method, used here for the first time in marine turtles or any 
conservation setting, has the potential to detect spirorchiids in tissues at a resolution and 
level of accuracy not previously possible, and therefore contribute a powerful tool to 
epidemiological and pathology studies.  
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7.4 Aim 3 - Use molecular techniques to investigate the epidemiology and 
pathology of disease caused by local parasite species (Chapters 4 and 5) 
 
While it has been established that both spirorchiidiasis (Flint et al., 2010; Stacy et al., 
2010a) and coccidiosis (Chapman et al., 2016a; Gordon et al., 1993) are capable of 
causing significant lesions and the death of their host, the epidemiology and pathology of 
these diseases at a genotype/species level requires further investigation. Of particular 
interest are neurological lesions, which when severe may interfere with neurologic function 
of the host (Flint et al., 2010; Jacobson et al., 2006), predisposing them to misfortune (e.g. 
boat strike, predation) or interfering with their ability to carry out essential tasks (e.g. 
surfacing, feeding). The actual incidence of clinical parasitic disease may be under-
reported, with deaths directly attributed to misfortune in some cases actually potentiated 
by parasite infection. With molecular characterisation of spirorchiids and the advent of 
effective molecular assays, more precise data was achievable, allowing an in depth 
examination of the aetiology of neurological lesions as well as those in other organ 
systems.  
Tissues collected from dead green sea turtles were collected for histological and molecular 
examination. Distinct tissue tropisms were found for the two genotypes of C. cheloniae. 
The most common variant was associated with the brain, gastrointestinal tract, and lung, 
and is therefore likely to be implicit in cases where turtles were observed with neurologic 
impairment. The second species was detected less frequently and was restricted to the 
kidney and thyroid, but in both cases was found to be co-infecting the same animal 
alongside the first genotype.  
Ova were detected in 97% of tissues collected from turtles of a variety of ages and 
conditions, confirming that spirorchiids are universally present in stranded green sea 
turtles in Queensland. The severity of lesions associated with ova generally bore a direct 
relationship with the number of spirorchiid species present, however, no statistically 
significant relationship could be found between the number of species and body condition 
and sex, and a relationship with age was only evident in the liver and kidney. Despite this, 
it seems likely that these factors do play a role in susceptibility to infection with a more 
diverse range of spirorchiid fauna, and larger studies may assist in delineating such. 
Adult flukes were collected from a variety of organs, but were most easily found in 
association with lesions in the aortas or heart. Such lesions often included arteritis and the 
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formation of thrombi, which in some cases were likely to be interfering with blood flow. As 
such, spirorchiidiasis must be viewed as a multifaceted disease including responses to 
both ova and adult flukes. The different tissue tropisms of each species or genus likely 
lead to differing clinical effects on the host, necessitating that spirorchiids be differentiated 
in any future ante-mortem diagnostic tests. 
Evidence was found that young turtles are likely to be infected with a greater diversity of 
spirorchiid fauna, at least in the liver and kidney. In the brain, the number of spirorchiid 
species present had an impact on the likelihood of granuloma formation. The concurrent 
effect of infection with coccidia must also be considered when examining spirorchiidiasis in 
this sample set. Conceivably, synergistic effects could be observed in the eleven turtles 
which were confirmed to have concurrent infections with both parasites. However, the 
most severe spirorchiid associated lesions were observed in turtles without coccidiosis, 
while those in turtles with confirmed coccidiosis were generally determined to be mild and 
incidental. The findings of this study in terms of host response to spirorchiid ova were 
consistent with those of a previous study of turtles in Queensland (Flint et al., 2010). This 
suggests that the synergistic effect of dual infections is minimal, possibly in part due to the 
acute nature of coccidiosis.    
 
In order to consolidate and expand these findings and develop a clearer picture of other 
organs, future studies should examine greater numbers of turtles and examine variations 
between geographic regions. The influence of environmental factors and stressors is of 
particular interest and data such as that presented here can assist in elucidating the roles 
of these factors. Additionally, such data can inform the development of ante-mortem 
diagnostics to allow investigation of parasitic disease prevalence in the green sea turtle 
populations as a whole, rather than being restricted to succumbed animals. 
 
7.5 Aim 4 - Explore and develop potential methods for the diagnosis of 
neurological parasite infections in live turtles (Chapter 6) 
 
A major difficulty in the investigation and treatment of endoparasitic diseases in sea turtles 
has been the lack of reliable and specific ante-mortem diagnostic tests.  Detection of 
infections has relied on coproscopy, post-mortem examination and histology as the only 
means of confirming and quantifying parasite presence, however, these methods have 
limitations in sensitivity and specificity, and are restricted in their applications in the field 
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and (in the case of post-mortem and histology) live turtles. Serological methods such as 
ELISA have demonstrated ability to screen live turtles (Graczyk et al., 1995; Herbst et al., 
1998; Work et al., 2005), however, they lack specificity and may not give an accurate 
indication of parasite burden (Alexander, 2006; Rosenblatt et al., 2009). To explore options 
for more accurate and versatile detection of infections, quantitative real-time PCR assays 
were developed to detect Neospirorchis spp. and Caryospora spp. These assays were 
optimised to run as a multiplex reaction and successfully quantified parasite burdens in 
tissue samples, in the process proving to be both sensitive and specific. No parasite DNA 
could be detected in limited stored blood samples. While real-time PCR has been 
successfully used in the diagnosis of other parasite infections in human blood samples, 
including the systemic coccidian Toxoplasma gondii (Ricciardi and Ndao, 2015; Robert-
Gangneux and Dardé, 2012) and blood flukes Schistosoma spp (Cavalcanti et al., 2013; 
Wichmann et al., 2013), these methods are generally most effective in the acute phase of 
infections (Wichmann et al., 2013; Zhou et al., 2011) where increased host immune 
response to a new insult results in parasite degradation and increased circulating parasite 
DNA. Given the high prevalence of Neospirorchis spp. in the Queensland region, including 
among healthy turtles, these infections are likely to be chronic. 
 
Given that both spirorchiidiasis and coccidiosis can present with similar neurological signs, 
diagnostic tools to differentiate between the two syndromes are needed to correctly 
identify and investigate outbreaks in wild populations. In addition, considering that previous 
chapters confirmed that spirorchiids are almost universally present but with varied 
inflammatory responses from the host, a means of accurately quantifying infections in 
tissues post-mortem is important in identifying the thresholds for clinical disease. 
Previously relied upon methods of diagnosis (i.e. coproscopy, necropsy/histology, 
conventional PCR and sequencing) can be variously inaccurate, non-specific, or time 
consuming. The freezing of dead animals prior to necropsy also limits the amount of 
information that can be attained from histology. Real-time PCR provides specific, 
quantitative results and is time and cost effective, with the benefit of potential use in ante-
mortem applications such as population monitoring and development of treatment 
protocols. The assay developed here has the potential to deliver important epidemiological 
data post-mortem for stranded turtles and provides a basis for further future exploration of 
ante-mortem applications. 
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7.6 Limitations 
Spirorchiids, in particular the more delicate and cryptic genera, such as the Neospirorchis, 
are difficult to detect and collect intact (Stacy et al., 2010a), a problem compounded by the 
fact that turtle carcasses may be in varying states of decomposition. Specimens are often 
damaged and incomplete which precludes a definitive identification based on morphology. 
Given that the public database of sequences for these species is very restricted (no 
Neospirorchis spp. sequences were available in Genbank at the commencement of this 
study), assigning a species name to the observed genotypes was not possible. It is 
anticipated that in future years further sequences will be contributed to databases, allowing 
retrospective identification of those species and genotypes that remain unnamed here. 
Given the cryptic nature of the Neospirorchis, it is possible that further species/genotypes 
are present in Queensland green sea turtles that were not detected here. Further 
examination may uncover additional types. 
 
The occurrence of severe spirorchiidiasis appears to fluctuate temporally, meaning that 
despite significant neurological lesions being relatively common in the region in the years 
preceding this study (Flint et al., 2010), they were less commonly encountered during this 
study period. Regardless, interesting observations and trends were evident that provide a 
strong starting point and focus for future investigations. The occurrence of coccidiosis also 
fluctuates over time, with sporadic outbreaks observed in the region. An epizootic occurred 
in the spring months of 2014 (Chapman et al., 2016a) enabling the characterisation of the 
causative organisms and associated pathology. More long term studies may overcome the 
difficulties associated with temporal fluctuations in both diseases and shed light on the 
driving factors behind them, as well as provide a broader view of their epidemiology.  
 
7.7 Future Studies 
This project has investigated a number of aspects of parasites and associated disease in 
green sea turtles and suggests multiple directions for future studies. In order to understand 
and manage a disease, it is first necessary to fully understand the causative agent. Given 
the difficulty in consistently obtaining morphological descriptions and identifications for 
some parasites, molecular approaches have proven crucial in understanding their diversity 
and phylogeny. Previously, no molecular studies of green turtle coccidiosis have been 
published. Molecular diversity among the spirorchiids has been the subject of one larger 
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study in Florida (Stacy, 2008), however, that occurring within Queensland waters or, 
indeed, the Pacific Ocean as a whole have not been studied until now. The genetic 
diversity of both caryosporids and spirorchiids in green sea turtles and other species 
should continue to be explored within the Queensland and Florida regions and further 
beyond in order to develop a full catalogue of these parasites. This will allow full and 
accurate comparisons that will contribute to understanding the reasons these parasites are 
evidently having more significant effects on turtle populations within certain regions, and 
will also facilitate the further development and refinement of molecular assays. 
 
Two new molecular tools have become available as a result of this project, and both 
represent the first use of these respective methods in marine turtles. Both have 
demonstrated capacity to contribute important data to the study of parasitic disease in 
green sea turtles. The survey of spirorchiidiasis using the T-RFLP method identified 
relationships between parasite factors and the presence of inflammatory disease, 
however, further surveys on a larger scale will be necessary to confirm and further 
investigate the variables leading to clinical spirorchiidiasis in green sea turtles. The use of 
the quantitative PCR assay can assist in future studies by quantifying the burden of 
Neospirorchis spp. in relation to the presence and severity of granulomatous lesions in the 
brain and other tissues. Future studies should further examine the potential for ante-
mortem applications, for example, techniques for the concentration of parasite DNA from 
blood samples prior to DNA extraction.  Further, the expansion of the assay for use in 
other species known to be affected by neospirorchiidiasis (e.g. loggerhead, hawksbill, 
Kemps ridley (Stacy, 2008; Stacy et al., 2010a)) should be explored. These species are 
present in lower numbers or absent entirely in Queensland waters, and therefore the 
present study focussed on the relatively more abundant green sea turtle. However, such 
assays have much to contribute to the conservation of these other species. To this end, 
the identification of institutions with an interest in marine turtle health and the capacity for 
molecular testing would be of benefit for future collaboration and development of services 
to wildlife authorities. 
 
The collection of data from other regions using these assays will allow further comparison 
between populations to determine why differences in disease epidemiology and pathology 
are observed around the globe. The environmental factors promoting parasitic disease in 
sea turtles, to date, remain largely unexplored and are of major interest for future 
investigations. Finally, the life cycles of both spirorchiids and coccidians infecting marine 
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turtles remain, for the most part, undiscovered, and are of great importance in 
understanding disease epidemiology and potential control.  
 
This study has uncovered diversity among important turtle parasites, investigated the 
epidemiology and pathology associated with infections, and has contributed two important 
diagnostic tests to the investigation and management of these significant causes of 
disease and mortality in green sea turtles.  Moving in to the future, these tests can make 
important contributions to the investigation of disease outbreaks and aspects of disease 
epidemiology and pathology.  
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APPENDIX 1 – Histopathology samples  
Table A1.1.  Details of samples collected from each turtle for histopathology 
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227561 Juv P - - - - - - - - - - - - - - - - - - 
227562 Juv P - - - - - - - - - - - - - - - - - - 
227563 Juv P U 1 5 1 3 3 1 0 1 1 2 - - - - - - - 
AZ54622 Juv F 5 1 - 1 - 2 - 0 - 0 1 0 - - - - - - 
AZ54631 Ad G - - - 0 - 1 - 0 - 1 0 - - - - - - - 
AZ54875 Juv P - - - - - - - - - - - - - - - - - - 
AZ55080 Juv P - - - - - - - - - - - - - - - - - - 
AZ55476 Juv F 1 0 - 0 - - - - - 0 0 0 - - - - - - 
AZ55493 Juv P 1 0 - 5 - 2 2 3 - - - - - - - - - - 
AZ55579 SA G - - - - - - - - - - - - - - - - - - 
AZ55623 Juv P 0 0 - - - 0 - 0 - - 0 - - - - - - - 
AZ55627 Ad P 0 0 - 0 - 1 0 1 - 0 1 0 - - - - - - 
AZ55631 Juv P 0 - - 0 - - 1 1 - 0 1 - - - - - - - 
AZ55712 SA P 0 0 - - - 1 - 0 - - 0 - - - - - - - 
AZ55763 Ad G 0 0 - 0 - 1 - 0 - 0 0 0 - - - - - - 
AZ55836 SA G 1 0 - 1 - 0 0 0 - 0 0 0 0 - - - - - 
AZ55888 Juv P 1 0 - 1 - 1 1 0 - 0 4 - 0 - - - - - 
AZ56016 SA F 0 1 - 1 - 1 1 - - 1 1 1 - - - - - - 
AZ56054 SA P 0 0 - 1 - 1 - 0 - 0 0 1 - - - - - - 
AZ56124 SA G 0 0 - 0 - 0 0 0 - 0 0 0 - - - - - - 
AZ56143 Juv P 0 0 - 1 - 1 1 1 - 1 0 0 - - - - - - 
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AZ56168 Ad F 1 - - 1 1 1 1 - - 1 0 0 - - - - - - 
AZ56979 SA F - - - - - - - - - - - - - - - - - - 
AZ56980 Juv F - - 1 - - - - - - - - - - - - - - - 
AZ57489 Juv G - - - - - - - - - - - - - - - - - - 
GT0611 Juv P 2 1 5 2 - 1 1 0 1 1 2 - - - - - - - 
GT0711 Juv VP 3 0 0 3 3 3 1 0 0 0 3 - 0 0 - - - - 
GT0811 Juv VP 3 3 - 3 3 3 3 3 - - - - 0 0 - - - - 
GT1011 Juv P 2 1 5 1 1 1 1 1 - 1 1 - - - - - - - 
GT11511 Juv VP 2 1 5 2 2 2 1 2 2 0 1 - 2 0 - - - - 
GT15601 Juv P - - - - - - - - - - - - - - - - - - 
GT2611 Juv VP 2 3 5 3 3 3 3 3 0 1 1 - 0 - - - - - 
GT3111 Juv VP 2 1 - 1 3 3 1 0 0 1 1 0 0 0 - - - - 
GT5811 Ad P 1 5 5 3 3 3 0 1 - 1 1 - 0 - 3 - - - 
GT6011 Juv F 3 1 5 1 3 2 1 0 1 0 1 - 0 1 - 1 - - 
GT6111 Juv VP 0 0 0 0 0 0 0 0 0 0 1 0 0 - - - - - 
GT6311 Juv VP 4 2 5 2 1 1 2 1 2 2 3 0 - - - - - 0 
GT6411 Juv VP 0 - 5 1 0 0 - 0 0 0 0 - - - - - - - 
GT6511 Juv G 0 0 - 0 0 - 1 0 - 1 1 0 - - - - - - 
GT6611 Ad F 2 1 0 0 2 2 1 2 1 0 4 0 - - - - - - 
GT6811 Juv G 0 0 0 0 0 0 0 0 0 0 0 0 - - - - - - 
GT7811 Juv G 1 - 0 2 2 3 2 0 2 0 2 0 - - - - 3 - 
GT7911 Ad P 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - - - 
GT8011 Juv P 0 0 0 1 3 1 0 0 1 1 0 0 - - - - - - 
GT8111 Juv F - - - - - - - - - - - - - - - - - - 
GT8211 Ad F - - - - - - - - - - - - - - - - - - 
QA43044 Juv P - - - - - - - - - - - - - - - - - - 
SVS11257 SA P 2 5 5 2 1 2 1 0 1 1 2 - - - - - - - 
UWW-13-577 Juv P - - - - - - - - - - - - - - - - - - 
UWW-13-578 Juv VP - - - 0 - - - - - - - - - - - - - - 
UWW14-607 SA F 1 0 1 1 - 1 1 1 - 1 0 1 - - - - - - 
Abbreviations: Ad, Adult; SA, Sub-adult; Juv, Juvenile; F, Fair; G, Good; P, Poor; VP, Very Poor. Numbers denote severity of lesions observed: 0, None observed; 1, Mild; 2 
Mild/Moderate; 3, Moderate; 4, Moderate/Severe; 5, Severe; U, Unclassified. 
